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ABSTRACT
During the spring migrations of 1965, 1966, and 1967, 1100 
hours of simultaneous WSR-57 radar and telescopic observations 
of migration were made at the Lake Charles and New Orleans Weather 
Bureaus in coastal Louisiana. The radar displays of daytime and 
nocturnal migration were quantified with the aid of daytime tele­
scopic and moon-watch information. Nearly all the passerine migrants 
that were detected passing through southern Louisiana during the 
study either arrived from over the Gulf of Mexico or from the Texas 
coast. From 8 April to 15 May, trans-Gulf migrations arrived almost 
daily on the Louisiana coast. The total number of birds calculated 
per mile of front for an entire 24-hour day's flight entering southern 
Louisiana in early April was on the order of 20,000 to 25,000 and 
increased to as high as 80,000 near the end of April.
Usually, the density of the migration from over the Gulf increased 
rapidly in the morning, peaked in the early afternoon, and gradually 
decreased in the late afternoon. This timetable was altered when 
rain and unfavorable winds were over the Gulf. Some trans-Gulf migrants 
regularly landed near the coast, but radar showed that the majority 
flew 50 to 75 miles inland to the first extensive forests. Only rarely 
did the flights continue inland for 100 to 150 miles, to a few 
occasions delayed migrants landed near the coast after dark.
ix
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The nocturnal temporal pattern of migration in southern 
Louisiana was normally of short duration near the coast and of 
long duration north of Lake Charles, where the nocturnal migration 
from Texas continued through most of the night. Most passerine 
migrants were flocked during the daytime, but at nightfall the 
flocks disbanded and the migrants flew individually in the night 
sky. During the latter half of the night, passerine migrants 
appeared to form loose aggregations.
Except for hard rain, no single immediate weather condition 
nor combination of immediate weather conditions consistently 
inhibited the initiation of a nocturnal migration from coastal 
Louisiana. The passerine migrants usually began their nocturnal 
migrations from the coastal areas 30 to 45 minutes after sunset 
and the departure was essentially finished an hour later.
The directions of migration in coastal Louisiana were found to . 
be strikingly constant and in accordance with the direction of the 
winds prevailing at the various flight levels. Except for a small 
northwest component at low altitudes, the daytime and nighttime 
migrations were largely directed to the northeast. When strong, 
unfavorable winds were recorded over the Gulf, the trans-Gulf migrants 
were apparently drifted off course. After landing the migrants that 
had been drifted re-oriented their nocturnal migrations to correct for 
the displacement. Since the migrants usually followed favorable winds, 
the instances of drift were few.
x
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The altitudinal distribution of migrants changed significantly 
from over water to over land and between daylight and darkness. 
During the daytime most migrants were recorded by radar between 
3,000 and 6,000 feet. The daytime migrants regularly flew above 
the convective cumulus clouds over land as long as the cloud tops 
remained below 8,000 feet. Most nocturnal migrations occurred 
between 1,300 and 4,000 feet, and the greatest densities of 
nocturnal migrants were usually recorded between 1,800 and 2,800 
feet. Nocturnal migrations were recorded under solid overcast, 
and the directions of these movements were nearly the same as 
those under clear skies. The only reverse migrations occurred 
on two occasions when northerly winds were blowing, and these 
movements took place under clear skies.
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INTRODUCTION
Although this report deals almost entirely with the vernal 
migration of birds as seen from two radar stations and their vicinity 
near the northern coast of the Gulf of Mexico, many of its findings 
are of broad application. My objective is to analyze several aspects 
of the behavior of birds during spring migration by the most efficient 
methods for such a task, at geographical locations that are exception­
ally well suited for testing numerous hypotheses of avian migration.
The coastal belt of Louisiana is an ideal location for this study. 
Every spring sizable migrations of passerines and other land birds 
cross the Gulf en route from their wintering grounds in Central and 
South America to their breeding grounds in the United States (Cooke, 
1904, 1915; Lowery, 1945, 1951; Stevenson, 1957). These trans-Gulf 
migrants normally reach the northern coast during the daylight hours 
and usually continue some distance inland before alighting. After 
the migrants have landed in the forested areas during the day, they 
initiate nocturnal migrations that take them beyond southern 
Louisiana. In addition to the trans-Gulf flights, heavy overland 
migrations from southern and southeastern Texas move into Louisiana 
at night (Gauthreaux, 1965).
1
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2In 1962 I began investigations to determine the feasibility of 
using the new WSR-57 radar at the United States Weather Bureau in 
New Orleans, Louisiana to study the migratory movements of birds.
I gathered sporadic simultaneous telescopic and radar data from 
1962 to 1964 at the New Orleans station and completed an evaluation 
of the WSR-57 radar as a research tool for migration studies in the
spring of 1965 at Lake Chatles, Louisiana. The WSR-57 proved to be
an excellent instrument for use in further investigations of bird 
migration. Consequently, I continued gathering additional simul­
taneous radar and telescopic data on the vernal migration of birds 
at Lake Charles and New Orleans, Louisiana, during the spring seasons 
of 1966 and 1967. These data, representing over 1100 hours of 
observation, now serve as the basis of the present report.
I have limited my treatment of spring migration on the
central-northern Gulf coast to the following topics: (1) the 
quantification of radar displays of nocturnal and diurnal 
migration, (2) the seasonal and daily temporal patterns of 
migration, (3) the direction, the speed, and the altitude of 
migration. Weather factors affect all the aspects of migration 
just mentioned, and their influences will be discussed when 
appropriate in the respective sections.
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EQUIPMENT AND METHODS
Period of Study
At intervals from June 1962 to 20 May 1967, I collected data or. 
bird echoes that appeared on the radar screens of two United States 
Weather Bureau surveillance radars of the new WSR-57 type. The 
New Orleans Weather Bureau and the Lake Charles Weather Bureau are 
the only two weather stations in Louisiana that have the new radars. 
Visits to both stations were made intermittently during the entire 
study, but most of the spring of 1965 was spent at the Lake Charles 
station, and most of the spring of 1967 was spent at the New Orleans 
station. Both stations were visited equally during the spring of 
1966. Although some work was done during the fall, winter, and 
summer seasons at both stations, data obtained then are not included 
in this study. Figures 1 and 2 show the surveillance areas of Lake 
Charles and New Orleans WSR-57 radar.
Equipment
The WSR-57 is a 10-centimeter (S-band) radar operated on two 
pulse lengths--0.5 microseconds and 4 microseconds. Long pulse 
(4 microseconds) affords greater sensitivity but involves loss of 
resolution. Short pulse (0.5 microseconds) has greater resolution 
but, because of the loss of sensitivity, registers bird returns only 
when great densities of birds are in the air. The radar has a
3
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4Figure 1. Map of radar surveillance areas Lake 
Charles station. Radar is located in the center 
of the concentric circles.
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Orleans station. Radar is located in the center 
of the concentric circles.
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8transmitter power of 500 kilowatts and a minimum detectable signal
- 1 3 - 1 5  -of 10 to 10 1 watts. The circular antenna,, 3./ meters in
diameter, focuses a pencil beam of two degrees and completes three 
revolutions per minute. Range can be changed from 25 nautical miles 
to 50, 100, and 250 nautical miles. The set has three indicators: a 
plan position indicator (PPI), a range-height indicator (RHI), and an 
A-scope display. In addition to the main PPI, there is a remote PPI- 
for photographic purposes. The radar has two receiver-lines. Lin 1, 
the regular receiver, is normally locked on a standardized gain set­
ting of 103 decibels; Lin 2, the Log receiver, is an auxiliary 
receiver with gain readily adjustable up to 112 decibels. A 
sensitivity time control (STC) circuit is part of the equipment,
but this circuit was turned off when the radar was being used to study
bird echoes.
Telescopic observations of the sky during the day and of the 
moon at night were made at the weather stations in an effort to 
identify the types and numbers of birds responsible for the radar 
echoes. During the study the need arose to view the overhead passage 
of nocturnal migration when no moon was available. Other than 
fragmentary data collected by students of migration no serious 
attempt had been made to use a light apparatus in gathering data
on nocturnal migration. In an effort to examine the feasibility of
using a light beam technique, I made observations at two fixed-beam 
ceilometers operated by the United States Weather Bureau at Lake 
Charles and Baton Rouge, Louisiana during the periods of migration 
in 1965 and 1966. These observations showed that very few birds
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9were affected by the beam! most of the migrants flew through the 
beam without hesitation or deviation in direction. Since fixed- 
beam ceilometers at airport weather stations are rapidly being replaced 
by rotating-beam ceilometers that are unsuitable for migration studies, 
I have constructed and tested a small, portable ceilometer system 
that can be used to obtain valuable data on migration on moonless 
nights. The apparatus is inexpensive and easily built. Stelnke 
(1968) has already used the ceilometer system in a study of low 
level nocturnal migration in southeastern Louisiana.
The ceilometer system consists of an 8-inch General Electric 
PAR 64, 6-volt, 100-watt ceilometer lamp, connected to a Thordarson 
or Stancor filament transformer. The transformer has a primary 
of 117/107 volts, 50/60 cycles per second, and a secondary of 6.3
volts current tested at 10 amperes. The bulb is connected to the
secondary of the transformer and the primary is connected to an 
extension cord which plugs into a source of household current. A 
small wooden box houses both components of the apparatus.
For all telescopic observations, a Bausch and Lomb BALscope,
Sr., with a 60-mm objective and changeable 20-power and 30-power 
eyepieces was used throughout the study. The 20-power eyepiece 
gives the telescope a field diameter of 111.8 feet at a distance 
of 3,000 feet, whereas the 30-power eyepiece provides a field of 
only 78.4 feet at the same distance.
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Methods
The methods followed for telescopic observations are essentially 
those described by Lowery and Newman (1963). During the day the 
telescope was mounted vertically and a small portion of the sky above 
the observer was sampled. The 20-power ocular was normally used, but 
if no birds were seen during an observation period when the radar 
indicated that birds were flying over, the 30-power ocular was used 
for the subsequent watch. Birds flying too high to be seen with the 
20-power magnification could be seen with 30-power magnification. 
Rarely in the late afternoon when conditions were unfavorable for 
vertical observation, the telescope was lowered to 30 degrees and 
directed toward the west. Occasionally brief vertical observations 
were made with 10x50 binoculars to supplement the telescopic 
observations. At night the telescope was trained on the moon 
when the latter was visible and directed up the ceilometer beam 
when it was not. The telescopic observations were normally made 
near the radar building, but on a few occasions, observations were 
made 12 to 15 statute miles from the station.
During all telescopic watches, when birds were recorded through 
the telescope they were placed in one of the following classes: 
herons, geese, ducks, shore birds, cuckoos, nighthawks, passerines, 
or identity unknown. Infrequently specific identifications were made.
Before and after a period of telescopic observation, a single 
35-mm exposure was made of the PPI for one revolution of the antenna
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followed by another photograph continuously exposed for 3 to 5 
minutes (9-15 revolutions of the antenna). The short exposure 
was used to estimate the density of radar echoes in the area, and 
the long exposure was used to obtain information on the direction 
and speed of the echoes. Most of the photographs were taken with 
a 35-mm single lens reflex camera mounted on a tripod in front of 
the main PPI. Kodak Plus & film (ASA 125) was used for most of 
the photography, but several Polaroid transparencies (46-L film) 
were taken of the remote PPI.
When I collected data on bird echoes, the radar was nearly
always set on 25 nautical mile range, STC was off, and the antenna
o °was tilted 3 for sampling daytime migration and 2.5 for sampling
nocturnal migration. Both the Log and the Lin receivers were used
during the study, and, except for two photographs taken on short
pulse, the radar operated on long pulse. Range marks are 5
nautical miles apart on photographs taken at 25 nautical mile range,
but are 10 nautical miles apart on the pictures taken at 50 nautical
mile range. Range marks are 20 nautical miles apart at 100 nautical
mile range.
Occasionally anomalous propagation resulted when the radar beam 
was deflected downward by certain types of temperature inversions.
The anomalous propagation caused ground clutter far beyond the expected 
range of ground clutter under most atmospheric conditions, and the beam 
was generally raised to counteract the bending. When the elevation of
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the beam is 3°, its altitude at 25 nautical miles is 7,500 feet, and 
when the elevation is 2.5°, the altitude of the beam at the same 
range is 6,200 feet. Although the altitude of the echoes was 
determined by using the range marks on the PPI, occasionally 
range-height photographs were taken to check the altitudinal 
distribution of the echoes.
I recorded all the available winds aloft data from the 
weather stations surrounding the Gulf of Mexico. Radiosonde winds 
aloft data were taken each day at 0600 and 1800 hours at these 
stations, and pibal winds aloft'data were collected at 1200 and 
2400 hours when clear skies prevailed. Local surface data from 
Lake Charles and New Orleans are available for each day of the study.
The typical radar presentations of nocturnal and daytime 
migration are dissimilar, and separate scales each in the form 
of five graded density patterns have been drawn up to evaluate 
nighttime and daytime data. The photographs of the PPI for a 
single revolution were evaluated by comparing the density of bird 
echoes with the density patterns pictured in Figure 3. Houghton 
(1964) has given evidence that birds are detected best when moving 
at right angles to the radar beam, unless a moving target indicator 
(MTI) circuit is in operation. A bird flying at right angles to the 
beam has a maximum radar cross-sectional area, and consequently 
presents the greatest reflective surface to the radar waves. This 
effect is noticeable in the photographs of bird migration as seen on
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Figure 3. Radar density patterns for diurnal 
and nocturnal bird migration.
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the WSR-57 and is taken into account whenever echo density patterns are 
rated. The analysis of daytime and nocturnal data will be discussed 
in the following chapter.
All WSR-57 stations are required to keep a film record of the 
radar displays. Special cameras that hold 100-foot rolls of film 
are attached to the remote^PPI, and “hen no weather echoes are on 
the scope, a complete revolution of the beam is recorded on a single 
frame every 15 minutes. When weather echoes appear on the PPI, no 
matter how insignificant, the photographs are taken every five 
minutes. Although most of these photographs are made with the radar 
on 250 nautical mile range and zero degrees antenna elevation, some 
series of photographs have been made on 25, 50, and 100 nautical 
mile range. These radar film records have been examined carefully 
with a film editor and have provided me with valuable supplementary 
data.
All data collected by means of the moon were analyzed by special 
calculating devices based on the methods of Lowery (1951). The 
resulting figures express the estimated number of birds crossing a 
mile of front per hour and are called migration traffic rates. At 
night birds normally crossed the disc of the moon singly, but during 
the day aggregations of two or more birds commonly crossed the field 
of the telescope. Moon-watching usually provides what is thought 
to be a reasonably accurate measurement of migration traffic because 
nocturnal migrants tend to be fairly evenly distributed in the sky.
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Daytime samples, however, are not suitable for the computation of 
traffic rates because most of the birds are aggregated into clusters 
and the frequency of observation is reduced to a point where the 
sampling results become highly erratic. In addition, atmospheric 
conditions sometimes prevent telescopic detection of birds flying 
at high altitudes during the day. When birds are flying above 
cloud layers, a telescope positioned on the ground cannot possibly 
record them. Consequently, a daytime traffic rate cannot be 
computed from telescopic information alone. With simultaneous 
radar information, however, meaningful estimates of the migration 
can be computed. The quantification of diurnal and nocturnal 
radar displays of bird migration is the topic of the next chapter 
of this dissertation.
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QUANTIFICATION OF BIRD MIGRATION BY RADAR
Historical Review and Critique of Previous Radar Studies
Shortly after the invention of plan position radar, unidentified 
echoes that puzzled technicians and operators appeared on radar 
screens. These perplexing echoes were soon dubbed "angels'" by the 
operators, and not until 1941, when G. C. Varley identified some 
strange echoes as Gannets (Morus bassanus) flying off the coast of 
Dover, England, were birds shown to be the source of some radar echoes. 
Since Varley’s discovery was made during the war, several workers in 
different countries independently accumulated additional evidence that 
birds were responsible for many radar angels (Buss, 1946; Weitnauer, 
1956; Hoffman, 1956; Sutter, 1957a, b; Harper, 1957; Elder, 1957; 
Richardson, et al., 1958; and Ligda, 1958).
Considerable speculation and experimentation regarding the 
sources of angels still continue today. Some researchers feel that 
the echoes are from meteorological disturbances such as atmospheric 
layers with sharp refractive indexes, while other investigators feel 
that the echoes are produced by birds, bats, and insects flying 
in the atmosphere. A substantial portion of the Proceedings of the 
Twelfth Conference on Radar Meteorology held in 1966 was devoted to 
the identity of angels. The consensus is that birds and insects are
17
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the principal sources.
Glovef, et al. (1966) have found that certain highly localized 
point targets that can be tracked for long periods and have 
significant velocities relative to the mean wind velocity are. 
caused by insects. Glover and Hardy (1966) using ultrasensitive 
radar further demonstrate ^ fchat two classes of point targets can 
be found in the atmosphere: (1) those targets that can be tracked 
for tens of minutes, have air speeds of 1.9 to 15 knots, have
2 o
cross-sectional areas which vary from .0005 cm to .5 cm at
10.2-centimeter wavelengths, and have other characteristics
identifying them as insects, and (2) those having airspeeds of
more than 24.4 knots, mean cross-sections of 5 to 50 cm with
fluctuations from the mean of 10 decibels, and other features
identifying them as birds. Eastwood and Rider (1966),have calcu- 
2
lated 2 cm as the radar cross-section of a small bird such as a 
warbler (Sylviidae). This cross-section is below the range given 
by Glover and Hardy (1966), and probably means that their minimum 
cross-section as well as their minimum airspeed should be lowered 
for birds.
Konrad, Hicks, and Dobson (1968) have recently reported on 
results they obtained by tracking known species of birds with 
ultrasensitive radars of three different wave-lengths. They 
conclude that the radar returns from single birds contain infor­
mation that provides a basis for identifying an unknown point
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target as a bird. This information is the "radar cross-section, 
the probability distribution of the cross-section, and the fluc­
tuation or>energy spectrum." They found that the return from 
single birds in flight differs characteristically from the returns 
from other possible point or dot targets, such as aircraft, swarms 
of insects, several birds together, or small clouds and other 
meteorological structures. 01
The WSR-57 can theoretically detect large swarms of insects, 
but all of the angels that I have identified were caused by birds.
Even though insects can be seen through the telescope during the 
day and night, they apparently contribute insignificantly to the 
radar echoes, for when insects are abundant and no birds are migrating, 
angels are absent on the PPI of the WSR-57. Furthermore, the temporal 
patterns of echo densities on the radar are nearly identical to those 
derived from data obtained by simultaneous telescopic observations of 
bird movements. The accuracy of the quantifications of radar displays 
of bird migration would fall sharply if insects seriously contaminated 
the radar patterns; but, as will be demonstrated, the accuracy remains 
high whether insects are abundant or scarce. In addition, whenever 
echoes on the radar screen suddenly gegan to disappear during 
unsettled weather in the daytime, they gave the impression that birds 
were landing. A check shortly afterward of the forested areas where the 
echoes had begun to disappear usually revealed spectacular concentrations 
of migrants, and flocks of passerines could still be seen plummeting 
into the woods from aloft (see the following two chapters for
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detailed discussion of this phenomenon).
The WSR-57 radar cannot detect clouds unless rain is present 
in the cloud formation. Battan (1962) has stated that particles 
ranging from 0.01 cm to 0.00L cm are in the cloud droplet class 
and are seldom detected with radar sets that employ wave lengths 
of 10 cm or greater. A water drop with a diameter of 1mm is 
large enough to be regarded as rain because such a drop can fall 
many thousands of feet before it will evaporate. Concentrations 
of rain droplets can easily be detected and identified on WSR-57 
radar.
Most attempts to quantify and identify the avian sources 
of radar echoes have involved the general method of simultaneous 
observations with optical instruments while recording radar data. 
Among the first quantitative studies of bird migration with radar 
were those of Sutter (1957a) at the Zurich-Kloten Airport in 
Switzerland. Sutter, using Cossor Airfield Control Mark VI 
radar with a 10-centimeter wave length and a 450 kw output, 
found that numerous bird echoes were recorded between 4 and 7 
miles from the station and a few were picked up beyond 20 miles.
The most intense returns were produced by flocks of crows, pigeons, 
and other large birds. Thrushes and finches in flocks of 10 to 
50 individuals, and perhaps even smaller aggregations, registered 
less strongly but nevertheless clearly on the radar screen. The 
birds responsible for the echoes were identified by a network of
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field observers.
Harper (1958) studied the cause of radar angels by mounting 
a telescope near the radar antenna and concluded that displays 
of angels seen on centimetric radars in southern England are 
due mostly to the migratory and "hard" weather movements of birds. 
Harper used the method of reducing the gain of the receiver to 
obtain information on the magnitude of the migration and found 
that most bird echoes were eliminated by a gain reduction of 10 
to 15 decibels. His calculations for maximum movements (1500 
angels crossing a 2 nautical mile front per h hour) agree well 
with those of Sutter (195?a, 1100 angels crossing a 2 nautical mile 
front per \ hour).
I. C. T. Nisbet (1963a) quantified the bird echoes that 
appeared on a 23-centimeter radar located at South Truro, 
Massachusetts. By analyzing film records, he found that the 
density of bird echoes decreased "roughly exponentially" with 
distance from the center of the radar screen, being halved about 
every eight miles. The rate of decrease varied only slightly 
with the total migration density and could be used to estimate the 
total number of birds in the air. Estimates obtained by this 
means were compared with estimates based on moon-watching 
observations, and each echo was found to represent from 2 to 
12 birds. The standard error of Nisbet’s results is about 25% 
for low migration densities; estimates of high migration densities
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are less accurate; and, very high migration densities cannot be 
measured at all. Nisbet does not maintain that his figures for 
the thinning effect are applicable to other types of radar.
Eastwood and Rider (1966) have counted the passage of 
migrating birds by using vertical incidence X-band (3-cm) radar.
This method gives an accurate value for the migration rate across 
a one-mile front at the position occupied by the radar but cannot 
supply information about the flow of birds at points remote from 
the radar. With the combination of L-band (23-cm) surveillance 
radar and the X-band radar, one can translate the echoes into 
numbers of birds and useful estimates can be made of the migration 
traffic across the whole migratory front.
Nisbet (1963a) has pointed out that radars used for tracking 
aircraft (defense radars) are of low resolving power and that when 
densities of migrating birds are considerable, the radar screen is 
saturated. Under such conditions a detailed study of bird migration 
would appear impossible. The energy of the wedge-shaped beam from 
defense radars is reduced with range to the extent that many birds 
do not register beyond 20 miles. In other words, the echo pattern 
on defense radars thins with distance from the antenna. Recent 
studies utilizing this effect undoubtedly give erroneous results 
concerning the magnitude and composition of the migration. When 
one studies only those echoes that remain after thinning on the 
radar screen, selection of larger birds or birds in groups is
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probably taking place. Information gained from the thinned returns 
some 20 miles from the antenna may or may not be applicable to the 
situation closer to the radar station. With the WSR-57 there is 
also a thinning effect, but this effect is due more to the altitude 
of the beam at distant ranges and less to the rapid loss of energy.
The WSR-57 has a pencil beam of 2° while many defense radars 
have wedge-shaped beams of several degrees spread in a vertical 
plane. The WSR-57 can be saturated when approximately 1000 to 
1200 birds per mile of front per hour are passing over the area. 
Because of the extensive vertical coverage of defense radars, one 
would expect that even fewer birds are needed to cause saturation 
on the PPI. Perhaps even relatively small migrations can saturate 
the screen.
Defense radars and air traffic control radars normally have 
moving target indicators (MTI). These circuits permit only those 
bird targets moving more or less toward or away from the radar 
station to register; stationary objects and slow moving bird 
targets passing at right angles to the beam are eliminated.
When a migratory movement is underway, the radar screen almost 
always displays a pair of darkened wedges perpendicular to the 
line of flight (Drury and Keith, 1962; Nisbet, 1963a). Since 
Houghton (1964) has shown that birds are detected best on 3-cm 
and 10-cm radars when the birds are flying at right angles to the 
beam, if a radar of the proper wave length had an Mil circuit,
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the birds would be removed precisely where they should be best 
detected. Sutter (1957a, b) used a 10-cm radar with an MTI 
circuit. Although Sutter’s results appear to be reasonable, they 
are subject to error for the stated reason.
The use of size and intensity of echoes displayed on the 
PP1 to determine the identity of the birds is also of disputable 
value. During the present study echoes produced by tight flocks 
of many small birds and echoes produced by flocks of a few large 
birds were displayed on the radar screen at the same time and 
were indistinguishable. Except for the patterns witnessed when 
passerines are flying individually in the night sky, very few 
radar display patterns are characteristic enough to be used as 
means of determining the identity of the avian sources responsible 
for them. In fact, when the radar screen is saturated during a 
heavy migration, information that may provide possible clues to 
the identity of the birds involved in the movement can be 
extracted only with the greatest difficulty.
The potential hazards that migrating birds present to aviation 
are formidable and have recently received international attention.
Radar studies of migration have been initiated in the United States, 
Canada, West Germany, England, and Australia, to investigate means 
of forecasting huge concentrations of migratory birds and of 
alerting aviation centers to heavy migrations that are already 
under way. Most of the radar studies published to date have
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employed airport or defense radars that can locate concentrations 
of birds more than 100 nautical miles from the antenna. Present 
defense radars, however, are designed to minimize all confusing 
echoes, even those from birds. Circuits that greatly reduce the 
return signals from birds are now built into the sets, and in the 
near future defense radars may not be able to detect birds at all. 
Weather radars, on the other hand, are designed to detect minute 
droplets of moisture in moving and stationary showers, and further 
advances in weather radars will undoubtedly enhance their detection 
of birds. Since the need exists to gain information concerning 
the density of bird migration, and since weather radar is potentially 
one of the best radars for supplying the needed information, I' have 
undertaken the quantification of radar displays of bird migration 
on the 10-cm WSR-57 weather surveillance radar. The United States 
Weather Bureau operates nearly 40 of these sets at the present 
time. The spring migration through the area of the northern Gulf 
coast is ideally suited for a study of the quantification of radar, 
for there passerine migration can be observed day and night. The 
methods of quantification are based on radar information gathered 
simultaneously with telescopic observations of the sky directly 
above the observer during the day and of the disc of the moon at 
night.
Quantification of Nocturnal Migration
The appearance of nocturnal migration on the WSR-57 during 
the first half of the night is noticeably different from that in
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the latter half of the night and during the day. Whereas the daytime 
flocks produce coarse dot echoes on the PPI, the nocturnal pattern 
is composed of diffuse, stippled (sugar-like) echoes during the first 
part of the night (Figure 4a, b). After 2300 CST the pattern of 
fine echoes is increasingly replaced by one composed of coarser 
echoes (Figure 4c, d). Since the nocturnal migrations from the 
coastal areas of Louisiana are generally finished by 2200 CST, 
the presence of coarse dot echoes on the radar screen after that 
time is rare and occurs only when trans-Gulf flights are delayed 
and arrive at the level of the radar stations after dark or when 
inclement weather is present earlier in the night. In contrast, the 
nocturnal migrations that originate along the Texas coast and pass 
to the northwest of Lake Charles continue for most of the night, 
and as the night progresses the echo patterns on the screen change 
from the diffuse, stippled kind to the coarse dot kind. A fall in 
the quantity of nocturnal migration is correlated with the 
appearance of coarse echoes later in the night.
The quantification of radar patterns of nocturnal migration 
can be accomplished with the aid of moon-watching. The telescopic 
method of using the moon to quantify nocturnal migration has 
proved very useful to ornithologists studying nocturnal migration 
(Lowery and Newman, 1955), and the method represents an integral 
part of the quantification of the WSR-57 radar. Radar quantifi­
cation basically involves the comparison of radar data with 
simultaneous migration traffic rates derived from moon watches. The
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Figure 4. Radar photographs of nocturnal migration. All 
photographs Were taken at the New Orleans station.
A. 12 May 1067, 2037 hours CST, 25 nautical mile scan,
2-5 degrees.
B. 12 1967, 2037-2040 hours CST, 25 nautical mile
sCati, 2.5 degrees.
C. 28 Apriil 1967, 2314 hours CST, 15 nautical mile scan,
4 degrees.
D. 28 Apriil 1967, 2315-2318 hours CST, 15 nautical mile
scati, 4 degrees.
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radar echo patterns in a small area of the radar screen ( 2 x 5  
nautical miles) at a fixed range of 10-12 nautical miles are 
compared with a scale of echo densities arranged from one to five 
(Figure 3). When echo display is more dense than in pattern 5, 
the stepped attenuation system on the radar that is designed to 
measure the intensity of rain showers is used to eliminate the 
5+ condition.. By decreasing the intensity of the radar signals in 
steps of 3 decibels (db) of attenuation, I reduce the density on the 
radar screen until nocturnal density pattern 4 is reached. As soon 
as the small sample area on the radar screen matches pattern 4, 
the amount of required attenuation is recorded. The validity of 
this method rests on the assumption that most of the migrants are 
passerines randomly distributed in the night sky. Conceivably, 
at certain times and certain places night migrations might consist 
principally of flocking birds. In this event the best results 
might be obtained by using the Hdiurnal" method of quantifying 
the display (see next section).
The nocturnal migrations through the area of the northern 
coast of the Gulf of Mexico are usually of such magnitude that 
density scale readings of 5+, visually saturating the PPI, are 
recorded for one or more hours on 90% of the nights in April and 
May. For this reason attenuation readings are essential for quanti­
fying radar displays during most of the period of migration.
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The reflective surface that a bird presents to the radar beam 
is called the radar cross-sectional area. A comparison of cross- 
sectional areas of radar targets can be made in terms of decibels.
Two flux densities differ by one bel (10 db) when the larger is just 
ten times as great as the smaller. The cross-sectional areas of 
several species of birds have been given by Houghton (1964) and 
Konrad, Hicks, and Dobson (1968). Just as the cross-sectional areas 
of two different types of birds can be compared in terms of decibels, 
so can the total cross-sectional areas of different numbers of birds 
(eastwood and Rider, 1966; Eastwood, 1967). As long as the size 
of the birds remain constant, or nearly so, decibels can be used to 
measure the difference in the numbers of birds migrating at different 
times of the night and from night to night. Although passerine birds 
migrating at night represent a heterogeneous assemblage of species, 
the telescopic data show that the size relationships of the migrants 
remain nearly the same during much of the vernal migration through 
the northern Gulf coast region. Thus, when the screen is solid with 
echoes, differences in the amount of attenuation needed to achieve 
pattern 4 will, as a rule, relate directly to differences in the 
numbers of migrating birds. In order to establish a reference 
base, simultaneous moon-watching data were compared with radar 
attenuation information.
the accuracy of the determinations of migration traffic rates 
by moon-watching is greatest when large numbers of birds are 
migrating and the moon is above 30° elevation. For this reason
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the only moon-watch data that are employed in the quantification 
of the radar displays are those collected under these conditions. 
Since attenuation changes the quantity of migration logarithmically, 
a series of factors have been computed for the various amounts of 
attenuation (Table 1). For example, if two migrations differ by 
12 db, then according to Table 1, the numbers of migrants in these 
migrations differ by a factor of 15.85. If one knows a migration 
traffic rate from moon-watching data and the amount of attenuation 
required to reach a base density pattern like pattern 4 on the 
radar screen during the same period, then one can calculate a 
traffic rate equivalent to pattern 4. By following this procedure 
I have calculated an average traffic rate of 100 birds per mile 
of front per hour for pattern 4; this pattern and its equivalent 
traffic rate have been chosen as the reference base for nearly 
all attenuation readings. By determining the amount of attenuation 
needed to reach pattern 4, I can compute a migration traffic rate 
for the largest of migrations even on moonless nights. Figure 5 
shows a graph of migration traffic rates in relation to the amount 
of attenuation required to reach the base reference pattern. The 
traffic rates obtained by this method and the moon-watching traffic 
rates agree well. On 22 April 1967, traffic rates computed from 
moon-watch information only were;13,400; 5,300; and 670. The 
traffic rates computed from radar information only were:12,600; 
5,000; and 790. On 23 April 1967, when the moon was at an 
altitude of 17°, the moon-watch traffic rate equaled 8,200, but 
the radar traffic rate was 15,900. One hour and fifteen minutes 
later when the moon was at an altitude of 30°, the moon-watch
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Table !• Multiplicative Factors for Each Attenuation Level
lDb (1.259) 2Db (1.585) 3Db (1.996) 4Db (2.512) 5Db (3.163)
6Db (3.982) 7Db (5.012) 8Db (6.311) 9Db (7.944) 1 ODb (10.00)
llDb (12.59) 1 2Db (15.85) 1 3Db (19.96) 14Db (25.12) 15Db (31.63)
16Db (39.82) 17Db (50.12) 1 8Db (63.11) 19Db (79.44) 2 ODb (100.0)
QCM (125.9) 22Db (158.5) 23Db (199.6) 24Db (251.2) 25Db (316.3)
2.6Db (398.2) 27Db (501.2) 28Db (631.1) 29Db (794.4) 3 ODb (1000)
LO
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Figure 5. Graph of the attenuation-traffic rate 
relationship for nocturnal migration. To be used 
with Nocturnal Density Pattern 4 as reference base.
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traffic rate equaled 3,900, and the radar traffic rate equaled 
3,200. The moon-watching method assumes that all birds in that 
part of the telescopic field lying in the migration stratum are 
visible. Consequently, when the moon was close to the horizon, 
a time when many birds passing through the field of the telescope 
may have been missed because of the distance involved, the radar 
gave what I believe to be a more accurate traffic rate. As the 
moon gained altitude, the moon-watch and radar traffic rates 
became very similar.
Although nocturnal density pattern 4 is the base pattern that 
is utilized in the quantification method, patterns 5, 3, 2, and 1 
are not to be ignored. If the coarseness of the attenuation 
increments (3 db) prevents matching pattern 4, another pattern 
can be used as the base. Accordingly, traffic rates have been 
calculated for all the nocturnal patterns. The traffic rates are: 
400 birds for pattern 5; 50 birds for pattern 3; 35 birds for 
pattern 2; and 20 birds for pattern 1. The exact traffic rate 
that will completely cover the sample area with echoes is variable 
(from 800 to 1,200), but traffic rates of 1,200 to. 1,400 will 
consistently produce saturation. Since attenuation readings 
were taken only during the spring of 1967, my most meaningful data 
on the magnitude of nocturnal migration as seen on radar are 
from that year.
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Quantification of Diurnal Migration
The quantification of radar displays of diurnal migration is 
possible only with simultaneous telescopic observations. The 
methods employed in making these observations have already been 
stated. The telescope can provide information on flock size as 
well as the number of single birds migrating over the radar 
station, but because of the small field of the telescope, 111.8 
feet at 1000 yards, occasionally only portions of large flocks 
are recorded crossing through the field. When observations are 
made with 10 x 50 binoculars (field 400 feet at 1000 yards) entire 
flocks of migrants are more often visible. The aggregations of 
passerines range from 2 or 3 individuals to more than 100 
individuals; the largest flock seen during the daytime observations 
was estimated as 175 birds. On the basis of 100 cases when entire 
flocks were observed, an average of 20 birds per flock has been 
calculated. This figure along with the additional information 
gathered from the radar displays has been used in the computation of 
diurnal migration traffic rates, the number of birds crossing a mile 
of front in one hour.
Figure 3 shows two scales that are used for recording the 
density of migration on radar, one for use during the day and the 
other for use at night. Each of the five diurnal reference patterns 
is made up of comparatively large dot echoes, the type of echo that 
is characteristic of daytime migration. The daytime echoes are 
strong and persistent and may be tracked on the radar screen for
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a distance of 2 to 3 nautical miles. Although the density of these
echoes occasionally caused saturation of the PPI (Figure 6a, b),a
the concentrations were usually such that separate echoes could 
be distinguished (Figure 6c, d). Finer echoes were often distributed 
among the larger ones, and frequently several coarse echoes were 
seen to coalesce and form even larger echoes. Although flocks of 
small and medium passerines were primarily responsible for the 
daytime radar patterns, some echoes were contributed by flocks of 
shore birds and nonpasserine land birds.
The radar photographs of diurnal migration taken on 25 
nautical mile scan were analyzed in the following manner. A line 
was drawn on the circular display in such a way that it passed 
through the center of the display and formed a 90-degree angle 
with the main flight direction. Five square sampling areas 5 
nautical miles on a side were arranged contiguously along the line in 
such a manner that the line passed through their centers and that the 
midline of each square fitted exactly between two 5 nautical mile 
range marks on the photographs. The density of targets in each 
sampling area was then rated by visual comparison with the Radar 
Density Patterns of Figure 3. Because the radar beam was raised 
three degrees from the horizontal, each square sampled different 
altitudinal zones. When the two squares for the same altitudinal 
zones on each side of the antenna had the same density ratings, 
that rating was recorded. When the two squares for the same 
altitudinal zones on each side of the antenna had different
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Figure 6. Radar photographs of daytime migration. All 
photographs were taken at the New Orleans station on 25 
nautical mile scan with 3° antenna elevation.
A* 22 April 1967, 1031 hours CST.
B. 22 April 1967, 1031'-1034 hours CST
C. 30 April 1967, 1506 hours CST.
D. 30 April 1967, 1507'-1510 hours CST.
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density ratings, the radar rating that was visually intermediate 
was recorded. Occasionally the radar showed a very localized 
cluster of bird echoes on the screen, far from the point where 
telescopic observations were being made. Under these circumstances 
no density reading was assigned to the isolated cluster of returns. 
The area within the first range mark was often obscured by ground 
clutter and consequently density readings could not be made there.
The readings were recorded in the following form:
8- April 1967
1410 CST--antenna elevation 3° 
average ground speed--30 knots 
density altitude range
(1) 1700-3000 feet 5-10 nm
(2) 3000-4300 feet 10-15 nm
(3) 4300-6000 feet 15-20 nm
(1) 6000-7400 feet 20-25 nm
The radar beam when tilted 3° samples different altitudes at 
different ranges, and consequently, the density ratings are not 
only made over a range of 25 nautical miles, but they are also 
taken at a range of altitudes from 1700 to 7400 feet. The 
average ground speed of the echoes was calculated on the basis 
of measurements taken from the photographs continuously exposed 
for several revolutions of the antenna.
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The first step in the quantification of daytime radar displays 
was the calculation of the average number of dot echoes contained 
in the 5 x 5  nautical miles sample area for each of the five 
diurnal density scale patterns of Figure 3. Even though the echoes 
can be counted on the radar photographs, one cannot count echoes 
directly on the PPI. Since many density ratings were made directly 
from the radar screen, the following average numbers of dot echoes 
in the sample square were calculated: 10 for pattern 1; 30 for 
pattern 2; 40 for pattern 3; 60 for pattern 4; and 90 for pattern 
5.
The birds in a traffic rate can be physically visualized as 
occupying a space in the sky one statute mile wide and having a long 
dimension equal to the average speed of the migrants in statute miles. 
To derive the number of birds in this space from the number of birds 
in the sample areas, the following formula is used:
V  v on ( g )
diurnal migration traffic rate = — ______2____
5.75
where N equals the number of dot echoes in each of the recorded 
density ratings (each density rating represents a different altitudinal 
stratum), the factor 20 is the average flock size, the factor 5 
is used to correct the 5 nautical mile horizontal depth of the sample 
area to one nautical mile, S equals the average ground speed expressed 
in knots, the factor 5.75 is used to convert 5 nautical miles of 
front to one statute mile of front.
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The formula can. be reduced to the following:
> N S 
1.43
Considerable information on diurnal flock size can be obtained 
by using the attenuation system during periods of diurnal migration.
If one knows how much attenuation is required to eliminate certain 
flock echoes, one can estimate the sizes of the flocks and the 
frequency of each flock size. Since the diurnal density patterns 
have been equated with the numbers of flocks that each pattern 
represents, each time the pattern changes after an attenuation 
change, one knows approximately how many flocks were eliminated.
Since the amount of attenuation needed to change each density 
pattern to the next lower pattern is known, one can compute the 
relative abundance of different flock sizes by using the factors 
in Table 1. Table 2, based on this procedure, gives the relative 
abundance of different flock sizes. These data were taken on 
three different days during April of 1967. Twenty birds per 
flock has been adopted as the base flock size for the computation 
of daytime migration traffic rates. As can be seen from Table 
2, this selection is justified. I should point out that using an 
average flock size to compute daytime traffic rates may occasionally 
lead to a measure of error if the actual flock sizes deviate materially 
from the norm.
R ep ro d u ced  with p erm issio n  o f th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
Table 2. Daytime flock sizes as determined by attenuation. Based
Number of birds/flock 
Number of flocks 
Percentage of total
>ctable cross-sect ion of 17 cm^ at 10 nautical miles.
2-4 5-6 7-12 13-25 26-50 51-100
£
101-200 200+
40 175 135 140 135 75 60 20
5.0% 22.5% 17.6% 18.0% 17. 2% 9.5% 7.7% 2.5%
45.1% 54.9%
Median flock size = 19 birds/flock
•P-w
4 4
All daytime data accumulated during this study have been 
processed with the diurnal traffic rate formula. These data 
will appear in a subsequent chapter on the daily and seasonal 
patterns of migration.
The attenuation of the pulsed radar signals reduces the 
number of perceptible returns because of the distribution of 
the number of birds among radar resolution cells or pulse 
volumes. The pulse volume is computed from the pulse length 
of the radar signal and the beam width. The pulse length for 
the WSR-57 is 4 microseconds and the beam width is 2°. All 
targets contained in a single pulse volume are unresolved and are 
recorded on the radar screen as a single point echo. The 
pulse volume is not constant but increases with range from the 
antenna. For this reason all attenuation readings taken during 
this study were made at the same ranges (10-12 nautical miles). 
Since the beam is tilted 2.5° for nocturnal studies, the 
sample area on the radar screen covers an equivalent altitudinal 
stratum of 2,000 feet (1,500-3,500 feet), and except for rare 
instances, 75-80% of the nocturnal migration occurred within 
this altitudinal zone. To take advantage of the maximum cross- 
sectional effect described by Houghton (1954), the area sampled 
was always on a line perpendicular to the main flight direction.
The pulse volume at 10-12 nautical miles from the antenna
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9 3for the WSR-57 is approximately 9.1 x 10 feet , and approximately 
90 pulse volumes are contained in the sample area on the radar 
screen. Since the reflective surfaces of birds are measured 
in cross-sectional areas, one can calculate the minimum detectable 
cross-sectional area at a range of 10 nautical miles by using 
certain data concerning the WSR-57 and the radar equation
P r^ 
a «=----:-------
2
K G
where A is the minimum detectahle target cross-section measured
in square meters, P is the minimum detectable signal in watts
(1.3 x 10 ^  watts), r is the range in nautical miles (10 nautical
miles), K is the radar constant for the WSR-57 (0.5 x 10"^), and
G is the antenna gain (38.6 db). If the equation is solved for
2 2
A, then A is found to be 0.0017 meters or 17 cm . When a bird
O
at 10 nautical miles has a radar cross-section of 17 cm or
greater, that bird will produce an echo on the radar screen.
Konrad, Hicks, and Dobson (1968) have given the mean cross-sections
of several different species of birds on 10-cm radar. Examples
2
are: Boat-tailed Grackle (Cassidix mexicanus), 23 cm ; House
Sparrow (Passer domesticus), 12 cm^ ; and Rock Dove (Columba 1ivia),
80 crn^ . Eastwood (1967:46-48) has given the radar cross-sections
of a number of European birds as measured with 10-cm radar.
The Chiffchaff (Phy11oscopus collybita), a small sylviid, has a
2
cross-section of 8 cm , while the Starling (Stumus vulgaris)
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2
has a cross-section of 34 cm .
When a pulse volume contains one bird with a radar cross- 
2
section of 17 cm or greater, an echo will be produced from that
pulse volume. When smaller birds with smaller cross-sections are
2
involved, the total of the cross-sectional areas must be 17 cm 
before an echo will register. Once all pulse volumes reach the
response level, additional birds in the pulse volume will not
r
change the visible radar echo, but the reflected energy returned 
to the radar receiver will increase. With attenuation the reflected 
energy is lessened until certain resolution cells fail to return 
sufficient energy to produce an echo, thus breaking the solid 
area of echoes on the PPI.
In my earlier attempts to quantify the radar displays of 
bird migration on the WSR-57 (Gauthreaux, 1965), I overestimated 
the minimum traffic rate that would cause saturation of the PPI 
as 3,000 birds. This conclusion was based on direct comparisons 
of moon-watch data with simultaneous radar density scale readings 
and now has been revised in light of the results obtained by use 
of the attenuation method.
i
Attenuation systems on radars of wave lengths other than 10-cm 
can also be used to determine the number of birds migrating; but, 
because the characteristics of the radars will differ, the displays
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of each type of radar must be quantified separately. Since the 
types of birds seen crossing the moon during this study were 
much the same from night to night, I was able to use a standardized 
average cross-section throughout my calculations. If one wishes 
to study migrations composed of other types of birds, a new set 
of traffic rate-attenuation factors must be calculated.
u
• \_
Even though a student of bird migration can now quantify 
daytime and nocturnal migration with the WSR-57 and extend the 
use of the method to other types of radars, the direct visual 
methods employing telescopic observations must not be abandoned.
The telescopic method is still essential to determine the types 
of birds migrating and to study migration where radar coverage 
is impossible. Thus I feel that the best means 'of studying the 
overhead passage of migrants is not the direct visual method alone 
or the radar method alone but a combination of the two. Each 
of these methods has shortcomings, but these shortcomings are 
virtually eliminated when the two methods are used in combination.
The use of attenuation to "count" birds with radar is not 
new, for Harper (1958) and Eastwood, Isted and Rider (1962) have 
previously employed attenuation in estimating bird densities.
My procedure is original in that I am the first to combine radar 
attenuation information and simultaneous moon-watch information 
and establish a relationship that can be used to quantify migrating 
birds at night and during the day even when very large migrations 
are under way.
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THE SEASONAL AND 24-HOUR PERIODICITY OF VERNAL 
MIGRATION ON AND NEAR THE LOUISIANA GULF COAST
Seasonal Timing of the Migration
Weather factors exert 'a profound influence on the periodicity 
of vernal migration. The following comments concerning latitudinal 
changes in weather are based on information given in Petterssen 
(1958) and Strahler (1960) and are intended to serve as a back­
ground for the subsequent presentation of findings that relate 
to the periodicity of vernal migration on the northern Gulf coast.
Three weather zones can be defined between 5° N latitude 
and 60° N latitude during the period of spring migration. The 
firstzone is positioned between 5° and 30° N latitude and is 
known as the trade wind belt. This region is under the influence 
of subtropical high pressure, during most of the year. Day-to-day 
temperature and barometric pressure changes are slight, and the 
winds along the southern edge of the zone are northeasterly while 
the winds along the northern edge of the zone are from the southeast 
and south. Sky conditions are normally partly cloudy and showers 
occur irregularly. The air mass that originates from this belt 
is called maritime tropical and is characterized by being warm, 
moist, and unstable. The air mass does not regularly invade the 
eastern part of North America until the end of March, and form
48
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March to the end of May maritime tropical air increasingly flows 
into the eastern half of the continent under the influence of 
the Bermuda high pressure ridge. The central northern Gulf coast 
lies near the northern extremity of this trade Wind belt.
Between 30° and 40° N latitude is the subtropical belt of 
variable winds and calms.*' During the period of spring migration 
this zone marks the southern limit of most polar air penetrations.
It is progressively under the influence of maritime tropical 
air as the vernal season progresses and the frequency of powerful 
continental polar fronts decreases.
Between 35° and 60° N latitude the winds aloft are prevailing 
westerlies, and this third zone is called the middle latitudes 
or the belt of westerlies. Cyclonic and anticyclonic influences 
are great there, and the weather is highly changeable. Storm 
winds are common and cloudy days with continuous precipitation 
are frequent.
The previously mentioned zonation of weather is not well 
defined during the month of March but becomes so during April.
On the northern Gulf coast the frequency of incoming trans-Gulf 
migrations is accordingly erratic during the month of March but 
is almost daily from the first week of April until the middle 
of May. The first vernal trans-Gulf migrations of passerines 
other than Purple Martins (Progne subis) occur concomitantly 
with the first northward surges of tropical maritime air into the
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southern United States in the closing days of February or in 
early March (Figure 7a). The first flights of song birds during 
the study arrived on the northern coast in the period of 12-15 
March. The early migrations are composed chiefly of vireos and 
warblers that breed in the southern states. These include Yellow- 
throated Vireos (Vireo flavifrons), Black-and white Warblers 
(Mhiotilta varia), Prothoriotary Warblers (Protonotaria citrea),
Parula Warblers (Parula americana), Yellow-throated Warblers 
(Jendroica dominica), and Hooded Warblers (Wilsonia citrina).
The winds over the Gulf in March frequently blow strongly from 
easterly directions (Figure 7b) and displace eastern contingents 
of the trans-Gulf flight to the western and northwestern portions 
of the Gulf coast. After landing the birds reorient. Accordingly, 
during March the WSR-57 at Lake Charles often showed heavy nocturnal 
migrations of passerines moving northeastward from the area of 
the Texas coast following conditions over the Gulf conducive 
to westward drift. On those occasions when trans-Gulf flights 
arrived on the central northern coast under the influence of strong 
northward air flows, the magnitude of the migrations from the 
Texas coast was noticeably reduced.
From April until the middle of May, trans-Gulf migrations 
arrived almost daily on the central northern Gulf coast in association 
with the regular invasions of maritime tropical air into the eastern 
half of the continent. The weather pattern shown in Figure 7c 
is the condition most frequently encountered during this period.
The following data serve to illustrate the periodicity of trans-Gulf
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Figure 7. Maps for the region of the Gulf of Mexico 
showing frontal systems and isobar orientation.
A. 14 March 1967, 0000 hours CST,
B. 23 March 1967, 0000 hours CST,
C. 23 April 1967, 0000 hours CST,
D. 24 April 1967, 1200 hours CST,
E. 28 April 1967, 0000 hours CST,
F. 29 April 1965, 1200 hours CST,
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flights of fair magnitude (density pattern 3 or greater): from
9 April to 9 Kay 1955, flights on 28 of the 31 days examined; 
from 8 April to 14 Kay 1966, flights on 20 of the 21 days examined; 
and from 8 April to 15 May 1967, flights on 32 of the 32 days 
examined. The gaps in the record result from breakdowns in the 
radar equipment and the occasional failure of the operators to 
make the proper settings for photographing migration.
The failure of trans-Gulf flights to materialize probably 
depends on the presence of cold fronts in the regions where the 
migrations originate. Whenever cold fronts penetrated the southern 
Gulf to within 50 nautical miles of the Yucatan Peninsula, no 
trans-Gulf flights were recorded the following day. The arrival 
times of the flights intercepted by cold fronts over the middle 
Gulf were delayed. Within the period 8 April-15 Kay, the only 
dates when I did not record a trans-Gulf flight were 30 April 
1955, 1 May 1965, and 10 April 1966. If a comparison is made 
between the dates when trans-Gulf flights did not arrive on the 
northern coast and the data presented in Table 3, one finds 
a perfect correlation between the presence of strong cold fronts 
in the extreme southern Gulf and the absence of trans-Gulf migration. 
Figure 7d-f shows situations when fronts were positioned in southern 
Louisiana, the northern Gulf, and the southern Gulf, respectively.
The peak of vernal migration through coastal Louisiana is 
difficult to pinpoint, but according to radar, telescopic, and 
field information, the flights of greatest magnitude and variety
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Table 3. Location of Cold Fronts from 8 April to 15 May (0000 CST)
Southern Louisiana April! 13, 14, 16, 17, 20, 27, 28, 29, 30. M a y 1, 2, 14.
1965 Northern Gulf Area Apri 11 16, 17 (weak), 27, 28, 29, 30- May! it, 2.
Southern Gulf Area Apr ill 29, 30. Mny_l 1, 2 (v7eak).
Southern Louisiana April! 9, 10, 14, 16, 19, 21, 22. May! 2, 3, 4, 5, 10, 14, 15.
1966 Northern Gulf Area April! 9, 10, 16, 19 (weak). May! 3, 4, 5, 10*
Southern Gulf Area Apr111 9, 16 (weak).
Southern Louisiana April.! 19> 20, 25, 27, 28, 29. May.! 2, 3, 4, 5, 6, 8, 9, 10, 15.
1967 Northern Gulf Area Apri1! 20, 28, 29. May! 3, 10.
Southern Gulf Area Apri1‘ 2 9 (weak).
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occur from the last week of April through the first week of Kay.
After the second week of May the magnitude of trans-Gulf migrations 
falls sharply, and within the third week of Kay, passerine migration 
in coastal Louisiana comes virtually to an end.
The magnitudes of the diurnal and nocturnal migrations through 
southern Louisiana are great. The maximum radar traffic rates 
recorded during the day time for trans-Gulf flights are on the order 
of 7,000 birds per mile of front per hour. The total number of 
birds per mile of front for one entire trans-Gulf flight 
entering southern Louisiana in early April is on the order of
20,000 to 25,000 and increases to as high as 80,000 near the end 
of April. The traffic rates for nocturnal migration depend 
mostly on the number of trans-Gulf migrants that 'nave landed around 
and south of the radar stations during the day. On 8 May 1967 
the trans-Gulf flight was delayed by adverse winds, and many 
migrants landed south of New Orleans during the late afternoon.
After dark, when birds were still coming in from over the Gulf, 
the grounded migrants started a nocturnal migration. That night 
a traffic rate of 50,000 birds per mile of front per hour was 
recorded at 2112 CST. This figure probably represents nearly all 
of that day's trans-Gulf flight as the figure is in keeping with 
the magnitude of trans-Gulf flights recorded before and after this 
date. Normally, the maximum nocturnal traffic rates are about 10,000 
to 20,000 birds per mile of front per hour during the peak of spring 
migration, but when the number of trans-Gulf migrants that fly over
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the radar stations during the day is greater than normal, the 
maximum nocturnal traffic rates are only on the order of 3,000 to
6,000 birds per mile of front per hour.
24-hour Timing of the Migration
The daily temporal patterns of passerine trans-Gulf migrants 
arriving on the Louisiana 'coast are dependent, in part, on the 
distance traveled by the migrants and the weather conditions during 
the journey. The "Summary of Seasonal Occurrences" in Louisiana 
Birds (Lowery, I960) gives the status of the passerine migrants 
that are found in Louisiana during spring migration. Most of the 
species that occur abundantly are birds that normally migrate at 
night and must therefore depart from the areas south of the Gulf 
of Mexico under the cover of darkness. Lowery (1951) has presented 
evidence that in spring large numbers of land birds do embark on 
nocturnal migrations that take them northward over the waters of 
the Gulf. The distances involved in a trans-Gulf crossing are such 
that most of the trans-Gulf flights should arrive on the northern 
coast during the daylight hours. The radar data collected during 
this study show that migrants do in fact arrive mainly during the 
daylight hours.
Trans-Gulf migrants were occasionally seen on radar when 
still 130 nautical miles offshore but were usually not recorded 
until they reached an area 50 to 75 nautical miles south of the 
coastline. The echoes regularly appeared over the Gulf near
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0600 CST; and, when the 0600 CST winds aloft data from coastal 
weather stations showed southerly winds of 30 to 35 knots between
2,000 and 5,000 feet, the bird echoes became visible out over the 
Gulf as early as 0415 CST. Figures 8a-d and 9a-d show the advance 
of the trans-Gulf migration into southeastern Louisiana on 23 
April 1967. With the aid of Figure 2, one can identify various 
geographical areas on the photographs. The incoming flight can 
be viewed for 50 nautical miles out over the Gulf and the areas 
where the migrants are landing after crossing the coastline are 
clearly indicated.
Since the information that is used in plotting the temporal 
patterns is taken at the latitude of the Lake Charles and the 
New Orleans radar stations, the migrants that land during the 
day in the areas south of the stations do not contribute to the 
daytime temporal patterns. In favorable weather, some migrants 
land in the isolated coastal woodlands during the arrival of 
trans-Gulf flights, but radar shows that the majority of the 
birds generally fly 50 to 75 nautical miles inland to the first 
extensive forests. Only rarely will a trans-Gulf flight continue 
flying inland for 100 to 150 nautical miles.
Some typical daytime curves of hour-to-hour variation in the 
amount of migration are shown in Figures l0a-b and lla-b. The 
patterns are basically similar, with a rather rapid climb in the
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
58
Figure 8. Radar photographs taken at the New Orleans 
station on 23 April 1967. Antenna elevation 0° ; 100 
nautical mile range, (A) 0610 CST, (B) 0620 CST, (C) 
0630 CST, (D) 0700 CST.
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Figure 9. Radar photographs taken at the New Orleans 
station on 23 April 1967.. Antenna, elevation 0°; 100 
nautical mile range. (A) 0730 CST, (B) 0821 CST, (C) 
0909 CST, (D) 1716 CST.
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Figure 10, Daily temporal pattern of migration at 
New Orleans during the spring of 1967. (a ) 30 April,
(B) 23 April.
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Figure 11. Daily temporal patterns of spring migration. 
(A) 15 Nay 1965, Lake Charles; (B) 22 April 1967, New 
Orleans.
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morning, a peak in the early afternoon, and a gradual fall in the 
late afternoon. However, the patterns of Figure 10 differ from the
patterns of Figure 11 in that the daytime curves of the latter
show indications of bimodality. A possible explanation for the 
bimodality is that the two modes represent different populations 
of migrants that have come from two separated geographical areas 
south of the Gulf of Mexico and have travelled different distances. 
On the other hand the modes are so weakly developed that they may 
not be statistically significant.
A correlation exists between the arrival time of the trans-Gulf 
flights on the northern Gulf coast and the speed and direction of 
the wind. The daytime portion of the daily temporal pattern 
illustrated in Figure 12 is characteristic of an early flight. The
migrants first enter the radar surveillance area on 25 nautical mile
scan at approximately 0600 CST and reach peak densities before 
noon. By 1500 CST the movement is essentially finished. When cold 
fronts are positioned over the Gulf of Mexico, the arrival of the 
trans-Gulf migration is delayed and the peak often occurs after 
dark (Figure 13a-b). Under the influence of adverse conditions, 
more migrants land in the first available woodlands than under 
favorable conditions; and, as a result, the amplitude of the 
daytime portion of the temporal pattern is further lowered. Even 
when flying conditions are poor because of rain and opposing winds, 
some migrants continue flying beyond the coast to land at tree line.
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Figure 12. Daily temporal pattern of spring migration on 
25 April 1967 at New Orleans, Louisiana.
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Figure 13. Daily temporal patterns of spring migration.
(A) 2 tfay 1965, Lake Charles; (B) 29 April 1967, New Orleans.
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After dark, if the weather is favorable most of the migrants 
that have landed in forested areas of the coastal belt during the 
day initiate nocturnal migrations that take them from southern
\
Louisiana. The amplitude of the nocturnal portion of the daily 
temporal pattern is directly influenced by the number of birds 
that land around and south of the radar stations each day. 'When­
ever large numbers of migrants fly over the radar stations during 
the day, the amplitlude of the nocturnal curve is comparatively 
small (Figure 10a). When most of the daytime migrants land south 
of the radar stations, or the trans-Gulf flight is delayed until 
late in the day, the amplitude qf the nocturnal curve is correspondingly 
greater (Figure 12 and 13b). Thus on the Louisiana coast in spring 
the height of the nocturnal curve tends to vary inversely with 
the height of the daytime temporal curve.
The nocturnal temporal patterns of migration in southern 
Louisiana are of short duration near the coast and of long duration 
north of Lake Charles, where the nocturnal migration from the areas 
along the Texas coast continues through most of the night. Since 
the areas to the south and southwest of New Orleans have more 
habitat suitable for migrants to land in than the areas south of 
Lake Charles, the brief nocturnal migrations from the coastal areas 
should involve greater numbers of birds in the vicinity of New 
Orleans than in the vicinity of Lake Charles. The radar results 
bear out this expectation.
Weather conditions permitting, the nocturnal migrations from
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coastal Louisiana start 30 to 45 minutes after sunset, between 
the end of civil twilight and the end of nautical twilight. Civil 
twilight ends when the sun is 6° below the horizon. Terrestrial 
objects can be easily distinguished at this time, and the brightest 
stars are just visible. The duration of civil twilight during 
spring migration at 30° N latitude is 24 to 25 minutes. Nautical 
twilight ends when the sun is 12° below the horizon. At the end 
of nautical twilight the general outlines of ground objects are 
visible, the horizon is Indistinct, and all the stars that humans 
use for navigation can be discerned. From 19 March to 19 May 
at 30° N latitude the duration of nautical twilight is 52 to 
59 minutes. Since spring twilight bears an almost constant relationship 
to the time of sunset at this latitude, 1 have used the time of 
sunset at the reference base in discussing the time that nocturnal 
migration starts.
More often than not the beginning of nocturnal migration 
from coastal woodlands is almost eruptive in its suddenness.
The migrants can be detected by the radar soon after they leave 
the trees, and for a brief time the echo patterns produced on 
the radar screen approximate the locations of the woodlands from 
which the birds have departed. Since birds taking off from fields 
and marshes are scattered over a wide area, they do not usually 
produce concentrations of echoes.. Typically, the number of birds 
leaving the forested areas peaks about an hour after sunset, and 
the departure is essentially finished about an hour and a half 
after sunset. After the departure only a few isolated bird echoes
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remain over the coastal areas, and such echoes, probably representing 
noctumally active nonmigrants, can be seen over the area throughout 
the night.
Tables 4 and 5 are based on information gathered from radar 
film records for the spring of 1966 at New Orleans and the spring 
of 1967 at Lake Charles. The tables give the approximate starting 
times of the nocturnal departures for various dates in March,
April, and May. I could not determine the departure time of nocturnal 
migration from coastal Louisiana when late-arriving trans-Gulf 
migrations obscured the exodus and in certain instances when the 
film record was otherwise unsuitable. The time of sunset for 
each date is also included for purposes of comparison. Since the 
exposures making up the radar film record are taken only every 
15 minutes when no precipitation echoes appear in the area of 
radar surveillance, the true departure time may be up to 15 minutes 
earlier than the recorded departure time. From the middle of 
March to the middle of May, 1967, the recorded starting time of 
the nocturnal migration changed about 45 minutes. In comparison, 
the change in the time of sunset for the same period was about 
40 minutes. In spite of the crudeness of the determination of 
starting time from the film records, a relationship between the 
time of sunset and the time of nocturnal departure is obvious.
Although fewer data are available for the spring of 1966, the 
change in departure time from 19 April to 12 May is correlated 
with the change in the time of sunset for the same period. The 
average difference in the time of sunset between New Orleans and
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Table 4. Starting Times (CST) for Nocturnal 
Migration, Spring 1966, New Orleans, La.
___________ April_________________________________ May____________
 — — — — ------------------------------------------------ .---------- .— —
Date Start Time Sunset Date Start Time Sunset
19 1910 1830 4 1930 1839
20 1910 1830 7 1920 1841
22 1910 1832 12 1915 1844
23 1910 1832
24 1920 1833
25 1905 1833
26 1910 1834
27 1910 1835
28 1910 1835
29 1935 1836
30 1915 1837
I
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Table 5. Starting Times (CST) for Nocturnal 
Migration, Spring 1967, Lake Charles, La.
March________  April_________________________________ May
Date Start Time Sunset
15 1855 1821
18 1845 1823
19 1845 1823
24 1845 1826
25* 2045 1827
rain showers at time of sunset 
thunderstorm at time of sunset
Date Start Time Sunset
1 1900 1 831
8 1920 1836
U * 1920 1837 ' Jx '
1 5 1940 1840fjifF>
16 1940 1
17 1940 1841'-
18** 2200 1842' j'f-
19 1940 1842• i ,
20 1935 1 843
21 1930 1844' '
22 1925 1844 ;
23 1925 1845
24 1930 1846
25 1930 1846
27 1940 1847 . ~
29 1925 1849
30 1935 1849
Date Start Time Sunset
' ;4 1925 ' 1852
5 £ 1935 1853
6 1925 1853
* 7 , 1925 1854
10' 1945 1856
19 1930 1902
-j
Ui
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Lake Charles is 13 minutes. The average difference in the time 
of departure for nocturnal migrants from these areas is 17 minutes. 
As can be seen in Table 5, overcast and rain at the normal time 
of departure delays, but does not necessarily prevent, a departure 
on a given night.
Under favorable weather conditions the arrival of the trans- 
Gulf flight is usually completed by the time of twilight (Figures 
10a-b, 11a, and 12), but on some occasions when a cold front has 
delayed the arrival of the flight, large numbers of trans-Gulf 
migrants are still in the air when the grounded migrants initiate 
their nocturnal migration (Figures 13a-b). The nocturnal migration 
from the coastal areas generally peaks at the level of the radar 
stations between 2000 and 2030 CST, or about an hour after the 
peak departure from the coast. Because the land area south of 
the radar stations is of small extent, the nocturnal migrations 
from this area are of short duration. By 2100 CST the amount of 
migration from coastal Louisiana still in progress over the radar 
stations is greatly reduced, and by 2300 CST, this migration has 
essentially ended (Figure 14a-c). To the north of Lake Charles 
the situation is different. After the migration from the coast 
and around the radar station moves northeastward beyond the range 
capability of the Lake Charles radar, a nocturnal migration moving 
towards 50°-60° can still be seen on the northwest and north 
sectors of the radar screen on 50 and 100 nautical mile range.
The radar echoes of this movement are probably produced by land 
birds, for I have identified passerines by their call notes and
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Figure 14. Radar photographs taken at the New Orleans 
station on 22 April 1967. 100 nautical mile range; 2°
antenna elevation. (A) 1931 CST, (B) 2019 CST, (C) 
2346 CST.
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by moon-watching on the few occasions when the southern edge of 
this movement passed over the Lake Charles station. This nocturnal 
migration from the coastal regions of Texas is normally well- 
sustained until 2300-0100 CST, when t;he density starts to fall.
A fair amount of migration is still underway at 0300 CST, and 
near dawn the movement, much reduced in magnitude, terminates.
The migrants that make up this nocturnal migration are possibly 
a mixture of trans-Gulf migrants that have landed on the Texas 
coast and overland migrants from northeastern Mexico.
On 22 April 1967, at 1500 CST, photographs made simultaneously 
on 100 nautical mile and 25 nautical mile scan at five WSR-57 . 
radar stations on the northern and northwestern Gulf coast showed 
the trans-Gulf flight arriving at Brownsville, Galveston, Lake 
Charles, and New Orleans. The Gulf south of Apalachicola, Florida 
was virtually void of echoes. The density ratings of bird echoes 
over the Gulf recorded by each station were as follows: Lake
Charles and Galveston, 5; New Orleans, 4; Brownsville, 2; and 
Apalachicola,< 1. On the basis of these readings, the width of the 
main flight on 22 April 1967 was approximately 600 nautical miles, 
and most of the migrants were arriving on the Louisiana and upper 
Texas coasts.
Lack (1960a) has reviewed most of the studies up to 1958 that 
deal with the influences of meteorological factors on bird migration, 
and Drury and Keith (1962) have discussed the weather conditions that
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modify migration in coastal New England. Because of the regularity 
of trans-Gulf flights in spring and the regularity of the departures 
of grounded migrants at night from southern Louisiana, I am in a 
position to comment on the environmental factors that influence the 
rhythmicity of migration at this latitude. The meteorological data 
are readily available, and the behavior can be monitored directly by 
radar. I shall first deal with some of the factors that influence 
the initiation of migration, and afterwards, I shall discuss the 
factors that terminate daytime and nocturnal migration in progress.
Most students of migration think of the initiation of a night's 
migration in terms of some external stimulus that releases migratory 
behavior. The regularity with which migration is initiated in 
southern areas under a wide variety of conditions suggests that 
the initiation of migration depends upon the absence of inhibitory 
factors rather than the presence of stimulatory ones. My attempt 
to determine what weather conditions favor the initiation of nocturnal 
migration in southern Louisiana soon revealed that nearly every con­
ceivable combination of factors, some of which I would normally 
associate with adverse conditions--e.g., north winds, overcast, 
cold temperatures--was at one time or another directly associated 
with a departure. I next compiled a list of factors that were 
consistently associated with the inhibition of a nocturnal migration. 
Whenever a departure failed to materialize the weather conditions 
were either those associated with strong cold fronts-- brisk northerly 
winds, rapidly falling temperatures, rising barometric pressure, and 
falling relative humidity--or rain was falling. I must emphasize
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that strong cold fronts did not always prevent the start of a 
nocturnal migration even though such conditions usually modified 
migratory behavior after departure (see next chapter).
The migrants never took off during rain (see Table 5), but 
when the rain was only of short duration and ended before midnight, 
many of the migrants departed after the rain stopped. Rain not 
only delayed the exodus of nocturnal migrants but also frequently 
terminated migrations in progress. On 1 May 1967, the migrants 
left the coastal woodlands and moved into a row of thunderstorms 
about 80 miles north of the coast. When the birds encountered the rain 
they apparently landed, for no bird echoes were visible north of the 
rain areas on the screen. Where rain was not falling, the echoes 
continued moving beyond the squally weather. Rain usually grounded 
arriving trans-Gulf migrants when they moved into rain storms over 
land during the day.
Apart from rain, two components of strong cold fronts, low 
temperature and strong north wind, apparently influence indirectly 
the departure and termination of migration. Fatigue and low energy 
reserves are probably the factors that directly influence landing 
and departure. On all occasions when strong cold fronts intercepted 
the trans-Gulf migration over the Gulf, either the nocturnal exodus 
was greatly reduced or birds appeared to be landing as they reached 
the coastal areas of Louisiana. On 29 April and 30 April 1965, the 
trans-Gulf migrations were delayed 15 to 20 hours and radar showed
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that the migrants were landing when reaching the coast. On 29 
April the nocturnal migration that left the coastal woodlands was 
noticeably reduced in magnitude, and on the night of 30 April, 
a nocturnal exodus failed to materialize. On 1 May, although no 
trans-Gulf flight arrived on the Louisiana coast, migrants departed 
from coastal woodlands after dark.
On 27 April 1967, a strong cold front intercepted the Gulf 
flight approximately 100 nautical miles offshore and some of the 
migrants were delayed until after dark. Radar showed that most 
of the migrants that landed earlier in the day did not migrate 
that night, and the migrants coming from over the Gulf after dark 
landed in the coastal woodlands. During the day of 15 May 1967, 
a powerful cold front moved through coastal Louisiana, and that 
night no birds departed from the coastal woods even though birds 
had landed earlier in the day in the wooded areas south of New 
Orleans. At 2100 CST some birds were still coming in from over 
the Gulf and landing near the coast.
During the arrival of most trans-Gulf flights, some migrants 
regularly land on offshore oil rigs and in coastal woodlands under 
favorable weather conditions. When cold fronts become stationary 
near the coast or over the northern Gulf, the percentage of migrants 
that come down in the first available land increases, but most 
of the migrants nevertheless continue inland. When strong cold 
fronts move over the Gulf, the number of migrants that come down 
on the first available land apparently depends on where the fronts
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intercepted the migrants over the Gulf and the intensity of the front. 
The longer the migrants are on the wing, the more flight energy 
they expend combating the adverse winds. Consequently, the number 
of trans-Gulf migrants that land on the coast is probably directly 
proportional to the number of migrants that are fatigued and 
low on fuel reserves in the form of migratory fat. Grounded migrants 
that have depleted migratory fat deposits must replenish their 
energy stores before initiating their next night's migration.
When trans-Gulf migrants land in coastal woodlands after a flight 
against a strong cold front over the Gulf, they cannot replenish 
their fat deposits before dark and consequently do not migrate 
that night. Thus, the cause of landing is in many cases also a 
factor that inhibits migration on the following night. Once-the 
grounded migrants have replenished their migratory fat, they depart 
from the coastal woodlands even though a cold front may still be 
dominating the ambient weather.
I have found that trans-Gulf migration is a regular occurrence 
during spring. The weather conditions in the areas where the 
migrations originate are generally conducive to migration and 
relatively stable. Only rarely is the interdiurnal periodicity 
of the migrations across the Gulf interrupted by unfavorable 
weather. Rain, cold temperatures, and strong north winds at 
the time of departure probably prevent the start of a trans-Gulf 
migration. If adverse conditions are encountered early in the 
flight, the migrants perhaps return to their point of origin.
If adverse conditions are encountered later in the flight, the
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migrants continue their migration across the Gulf but are delayed 
in their time of arrival on the northern coast.
Except for hard rain, apparently no single immediate weather 
condition nor combination of immediate weather conditions inhibits 
the initiation of a nocturnal migration from coastal Louisiana 
if the migrants are physiologically ready to migrate, but certain 
weather conditions may modify in-flight behavior. The major factors 
responsible for the termination of a migration and the inhibition 
of a subsequent migration are probably fatigue and the level 
of energy supply. Wolfson (1954) has shown that in terms of 
energetics, birds must restore depleted fat supplies before initiating 
another long migration. Imhof while banding migrants in fair 
weather on the Alabama coast has found that many migrants have' 
about one-third or less of their fat capacity, and a variable
number of migrants are very lean (Newman, 1961; Imhof, 1965). f
/
Imhof has further pointed out that some migrants must expend 
considerable energy fighting cold fronts over the Gulf of Mexico, 
for in the wake of strong cold fronts he has netted grounded migrants 
on the coast that have had concave ’’stomachs" and wasted pectoral is 
muscles. Imhof has also found that migrants may stay on the coast 
until they replenish their depleted stores of migratory fat.
The amount of time between the dates when trans-Gulf species 
first arrive on the northern Gulf coast and the dates when the 
same species first arrive on their breeding grounds in the northern 
United States and Canada is probably due to the changes in weather
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that occur between the time they leave the northern Gulf coast 
and the time when they arrive on their breeding grounds. Whereas 
the weather during spring is relatively stable on the northern Gulf 
coast and the departures of migrations occur regularly, the weather 
becomes increasingly unfavorable as the migrants move northward, 
and the flow of migrations becomes erratically oscillatory.
My radar and telescopic findings generally support those of 
Lowery (1951) regarding the hour-to-hour variation in the number 
of nocturnal migrants aloft, but I cannot agree with Lowery’s 
postulate that "most migrants go to sleep for a period following 
twilight, thereby accounting for the low densities in the early 
part of the night." My data show that most birds actually depart 
on nocturnal migration at the very beginning of the night. Lowery 
(1951) has referred to the "Baton Rouge drop-off" in relation to the 
temporal pattern of spring migration in southern Louisiana, but 
he was unable to reconcile the early drop-off of migration at 
Baton Rouge in the spring with the idea that birds were still 
mounting into the air at 2300 CST as implied by the ideal time 
curve he obtained. My radar data from New Orleans and Lake Charles 
show temporal patterns very similar to those which Lowery recorded 
for Baton Rouge (Lowery, 1951:422), and my findings are similar to 
those of Lowery regarding the drop-off In migration near 2200 CST 
in southern Louisiana. Unlike the nocturnal migration from the 
Louisiana coast, the migrations north and northwest of Lake Charles 
are sustained, and the temporal pattern of the migration appears to
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The duration of this flight is probably due to the fact that the 
source areas along the Texas coast extend from the Louisiana 
border to Corpus Christi and are in line with the direction of the 
migration.
I have been able to discover only one cyclic environmental 
factor that varies in phase with the daytime and nocturnal temporal 
patterns of bird migration (excluding the daytime temporal pattern 
of spring migration on the northern Gulf coast because of the unique 
factors involved). This weather factor is the semi-diurnal pressure 
oscillation (Petterssen, 1958). The timing of the maximum migration 
at night and the timing of the maximum migration during the day as 
observed in Europe (Dorst, 1962:251-256) correlates nearly exactly 
with the two maxima of the semi-diurnal variations in barometric 
pressure. The timing of the semi-diurnal pressure oscillations 
varies somewhat with season, but the maxima occur about 1000 hours 
and 2200 hours, and the minima occur about 0400 hours and 1600 
hours. A physical explanation of these daily changes is difficult, 
but the changes seem to be associated with long atmospheric waves 
similar to ocean tides, which move around the earth about two hours 
in advance of the sun and are in a complex way associated with the 
gravitational attraction of the sun and the daily changes in 
temperature.
My findings basically support those of Lowery (1945)
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regarding the trans-Gulf migration of birds in spring, but some 
of Lowery's conclusions should be revised in light of the results 
of this study. I find that some trans-Gulf migrants regularly land 
in coastal woodlands under favorable weather conditions, and I 
also find that unfavorable weather does not invariably precipitate 
"tremendous concentrations" of migrants on the first available land. 
The distance the migrants f"ly inland before alighting varies among 
individual birds although it is usually similar for the bulk of 
the migration on a given afternoon. Where the migrants finally 
land depends on the weather conditions over the Gulf and over 
southern Louisiana. Since much of the habitat near the Louisiana 
coast is unsuitable for migrants to land in, a majority of the 
migrants usually flew over this area and landed near tree line 
or 50 to 75 nautical miles inland, but the radar showed some 
trans-Gulf migrants landing as far as 100 to 130 nautical miles 
inland on eight occasions during the study,when strong southerly 
winds were blowing.
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THE DIRECTION, SF AND ALTITUDE OF THE VERNAL 
MIGRATION ON THE NORTHERN GULF COAST
One of the most controversial aspects of avian orientation 
during nocturnal migration Is the matter of drift by wind and the 
ability of the birds to correct for drift during flight. Lack (1962) 
has stated that radar observations fit best with the view that 
migrants in flight orient solely by a sun-compass or star-compass 
since they do not, so far as can be determined, allow for lateral 
displacement by the wind (unless flying very low). Bellrose and 
Graber (1963) have reported that their radar data show that birds 
compensate only partially for drift. Evans (1966) and Nisbet and 
Drury (1967) have concluded from their observations with radar 
that birds compensate exactly and continuously for drift. Bellrose 
(1967a) has stated that migrants generally select winds which are 
favorable for their goal, but when forced to use unfavorable winds, 
they correct to a high degree for lateral drift.
Lowery (1951:457-458) has found that a striking correlation 
exists between air currents and the directional flight trends of 
birds, suggesting that most night migrants travel by a system of 
pressure-pattern flying. Evidence that birds select winds blowing 
in a preferred direction has been obtained by Bellrose and Graber 
(1963) and Gauthreaux (1965).
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Bellrose (1967a) has stated that migrants apparently reduce 
their flight speed somewhat proportionately to the increase in 
wind speed, thus maintaining a relatively constant ground speed 
even when wind speeds vary greatly. Bellrose has further suggested 
that birds have the ability to determine the direction and strength 
of the wind and that the wind can be used as an orientation 
reference.
Bellrose and Graber (1963) have reported that birds migrating 
under overcast skies attempt to fly above the clouds unless the latter 
are too high and that, when they are not able to surmount the 
cloud deck, the migrants continue in flight, sometimes in the 
clouds but usually immediately below. They further state that 
some birds initiate migration under overcast and are able to pursue 
a flight in the normal direction of migration without reference 
to celestial cues. Two other investigators have concurred that 
overcast does not significantly impair nocturnal orientation 
(Drury and Nisbet, 1964; Nisbet and Drury, 1967).
Since winds apparently influence the altitude of bird migration, 
a discussion of the altitude of migration is included in this 
chapter. Radar studies have provided the most direct information 
on the altitudinal distribution of migrants, and several radar 
papers have been published on the subject (Lack, 1960b; Nisbet,
1963b; Bellrose, 1967a; Eastwood and Rider, 1965).
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Gulf Wind Patterns and Isobar Orientation
Wind patterns probably exert strong influences on the direction 
of migration, and in order to evaluate the relationship between 
wind and migration in this study, I must first describe the typical 
circulation of air currents in the region of the Gulf of Mexico. 
Winds aloft are recorded at several stations around the Gulf, but 
no such data are collected "from over the Gulf. Weather maps do 
have isobars over bodies of water such as the Gulf of Mexico 
that are based on barometric pressure readings supplied by ships.
The effect of surface friction decreases with altitude, and the 
wind blows nearly along isobars at 2,000 to 3,000 feet above the 
ground. Therefore, the slant of isobars provides a reasonable 
approximation of the wind direction at these altitudes, and the 
distance between isobars can be used to obtain an approximation 
of the strength of the wind. All overland wind information has 
been taken from the National Summary of Climatological Data (U. S. 
Weather Bureau, 1965, 1966, 1967). Figures 15a-b, c-d, and e-f 
show the wind directions and speeds (three-year average) at 16 
stations scattered around the periphery of the Gulf during March, 
April, and May, respectively. The' maps on the left-hand side of 
each figure show the surface wind conditions. The maps on the 
right-hand side show the winds at the 900-millibar level or at 
an altitude of about 3,000 feet (900 meters). Tables 6, 7, and 8 
give the average monthly values (March, April, May) of winds aloft 
at Boothville and Lake Charles, Louisiana and Merida, Yucatan 
for 1965, 1966, and 1967, respectively. The wind information 
in the tables is for 0600 CST.
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Figure 15. Wind directions and speeds (three-year average) 
at 16 stations around the periphery of the Gulf of Mexico 
from 1965 to 1967. Maps on left-hand side show surface winds; 
maps on right-hand side show winds at 900-millibar level 
(3,000 feet). (A-B) March, (C-D) April, (E-F) May.
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Table 6. Rawinsonde Data - 1965 (Average Monthly Values)
Lake Charles, La. Boothville, La. Merida, Yuc.
Month Altitude (feet) Directic Speed (knots) Direction Speed (knots) Direction Speed (knots)
March
400
1800
3200
4800
6400
8000
1 0 , 0 0 0
70°
231
248
257
264
263
264
3
9
18
24
33
42
54
95
191
218
236
238
243
253
6
16
20
28
35
42
50
Apri 1
400
1800
3200
4800
6400
8000
10 ,000
154
187
203
214
227
235
251
10
18
19
24 
27 
27
25
141
150
192
224
231
237
251
6
11
11
15
19
21
24
122
135
130
135 
144
131
136
26
38
31
21
14
9
7
May
400
1800
3200
4800
6400
8000
1 0 ,000
139
162
173
179
187
203
222
17
29
30 
28 
25 
23 
20
104
116
115
96
26
24
16
25
39
32
20
10
7
7
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Without the disrupting influences of cold fronts, the isobar 
orientation over the Gulf is usually stabilized. The isobars 
are oriented southeast-northwest over the southern Gulf, south- 
north over the northern Gulf, and southwest-northeast over coastal 
Louisiana. The isobars continue northeastward through the south­
eastern United States as they encircle the position of the Bermuda 
high pressure ridge. The similarity among the average wind patterns 
from year to year suggests that the air circulation in the Gulf 
region is fairly constant and dependable. The possibility exists 
that, to conserve energy, bird migration has evolved behavior 
patterns that utilize efficiently the constancy of certain wind 
directions.
Correlation Between Wind Direction and FIig'nt Direction
I have compared the radar track directions of daytime migrants 
for the springs of 1965 and 1967 at Lake Charles and New Orleans 
with simultaneous winds aloft data. The track directions were 
determined from photographs exposed for several revolutions of 
the antenna and were compared with the wind directions at the same 
approximate altitude. These data are summarized in the scatter 
diagrams of Figures 16 and 17. The correlation coefficient for 
the 1965 data is .6 8 with 96 degrees of freedom, and the correlation 
coefficient for the 1967 data is .51 with 68 degrees of freedom.
Both coefficients were tested by the Student's _j-test and are 
significant at the 0.1% level.
The correlation coefficients suggest that most migrants fly
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Figure 16. Correlation between wind direction and flight
direction. All data are from Lake Charles, spring 1965.
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Figure 17. Correlation between wind direction and flight
direction. All data are from New Orleans, spring 1967.
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with the wind, or to express the matter differently, the wind 
usually blows in the same direction as the direction of migration. 
Such was not always the case. Occasionally all the daytime migrants 
maintained essentially the same track direction, even though the 
winds varied in direction with altitude. Why birds flew with 
the winds in certain cases and at various angles to the wind 
in other cases becomes explainable on close examination of the 
distribution of plot-points in Figures 16 and 17. The variation 
in wind direction exceeds the variation in flight direction.
On those occasions when the winds were not favorable, the migrants ■ 
generally did not follow the winds but held to their assumed 
normal track directions. The fact that the flight directions vary 
less than the wind directions indicates that the daytime migrants 
do, at least partially, compensate at times for displacement by 
wind over land. Since the average monthly wind directions are 
frequently the same as the direction of migration (Tables 6, 7, 8), 
the migrants often fly with winds that require no compensation 
for wind drift.
Flight Speed and Correction for Drift
Although the average flight direction of incoming trans-Gulf 
migrants was nearly the same as the average wind direction during 
most of spring migration, the winds occasionally did not blow 
in the average direction and were unfavorable. Under such circum­
stances the migrants once over land did not always follow the 
wind currents but sometimes maintained tracks that were nearly
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
1 02
Che same as those observed when favorable winds were blowing.
On most occasions when the winds off the Louisiana coast were 
easterly, some of the trans-Gulf migrants were observed to land 
near the coast while others continued to fly inland in a north­
westerly direction. Only rarely did some of the migrants shift 
direction to the northeast without landing, and such changes 
in direction were never recorded at night. Migrants are able 
to maintain their regular flight directions in unfavorable winds 
by changing their heading relative to the wind. Birds with headings 
different from their tracks were repetitively observed through 
the telescope during the day.
The procedure of maintaining a constant track in the normal 
direction of migration under the influence of strong unfavorable 
wind is energetically costly, and when energy expenditure far 
exceeds the benefits of holding a constant track, the overland 
migrants alight. Migrants over huge expanses of water cannot 
land, nor do they have any obvious cues to use in correcting for 
drift. Even if the migrants could correct for wind drift over 
the Gulf, the utilization of energy might often be too costly 
for the distance gained. Consequently, if the migrants are to 
survive they must sometimes let the wind displace them in order 
to conserve evergy for the remainder of their overwater flight.
Figures 18 to 22 show the regression lines and correlation 
coefficients for the ground speed of birds expressed in knots 
(y axis) plotted against the wind speed expressed in knots (x axis).
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Figure 18. Scatter diagram showing regression line and 
correlation coefficient for the ground speed of birds ex­
pressed in knots (y axis) plotted against the wind speed 
expressed in knots (x axis) when the wind is a tail wind.
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Figure 19. Scatter diagram showing regression line and 
correlation coefficient for the ground speed of birds ex­
pressed in knots (y axis) plotted against the wind speed 
expressed in knots (x axis) when the bird’s track direction 
deviates 20°-30° from the wind direction.
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Figure 20. Scatter diagram showing regression line and 
correlation coefficient for the ground speed of birds ex­
pressed in knots (y axis) plotted against the wind speed 
expressed in knots (x axis) when the bird’s track direction 
deviates 40°-50° from the wind direction.
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Figure 21. Scatter diagram showing regression line and 
correlation coefficient for the ground speed of birds ex­
pressed in knots (y axis) plotted against the wind speed 
expressed in knots (x axis) when the bird’s track direction 
deviates 60°-70° from the wind direction.
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Figure 22. Scatter diagram showing regression line and 
correlation coefficient for the ground speed of birds ex­
pressed in knots (y axis) plotted against the wind speed 
expressed in knots (x axis) when the bird’s track direction 
deviates 80°-90° from the wind direction.
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All data refer to daytime migrations. Figure 18 is based on 204 
observations and gives the relationship between tail winds and 
the ground speed of migrants. Figures 19, 20, 21, and 22 show 
the relationship between bird speed and wind speed when the wind 
direction differs from the bird direction by 20°-30°, 40°-50°, 
60°-70°, and 80°-90°, respectively. The y intercept of Figure 
18 is 19.31 knots and represents the mean air speed of the migrants 
in calm air. Some passerine, migrants have air speeds of 25 knots 
and other slower birds have air speeds of 15 knots. For every 
10-knot increase in tail wind the migrants gain 7.7 knots in 
ground speed-. This figure is in keeping with the observed changes 
in the timetable of trans-Gulf migration under the influences of 
tail winds and head winds of different velocities. The data 
presented in Figures 21 and 22 show an inverse relationship be­
tween wind speed and the ground speed of the migrants. Moreover, 
the sparsity of data also reflects the small number of birds that 
fly when the wind is blowing at angles of 60°-70° or 80°-90° to 
their flight direction. When the winds are unfavorable, the mean 
air speed of the birds is greater; the air speed of the migrants 
in Figures 21 and 22 averages about 28 knots.
The scatter above and below the regression lines on Figures 
18 to 22 is probably due to the different air speeds among different 
species and within the same species. The scatter appears to be 
greatest with tail winds, when all types of birds are flying.
The scatter is reduced in Figures 21 and 22 and could be explained 
by the hypothesis that many birds do not fly under adverse conditions
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and those that do possibly represent a select group.
IE most birds initiate migrations on one side of a large 
ecological gap void of migrants, then the temporal pattern observed 
some distance away on the other side of this gap will unquestionably 
be influenced by the differential air speeds of the birds that make 
up the movement. The duration of the incoming trans-Gulf flight 
sometimes greatly exceeds the duration of the nocturnal departure 
that Lowery (1951) has given for the southern Gulf coast. If a 
difference of 8 to 10 knots in air speed is expressed in terms of 
the arrival time of a trans-Gulf flight, the differential (if all 
migrants depart within a short time period) is 5-6 hours. According 
to Figure 18, with tail winds of 12 knots during the Gulf crossing, 
the earliest arrivals would have a ground speed of approximately 
34 knots and would arrive at the latitude of the radar stations 
around 0930 CST. The last migrants to arrive in the afternoon 
would have a ground speed about 25 knots, and these migrants would 
not reach the same latitude until 1500 CST. Except for the 
correlation coefficient of Figure 21, all the correlation coef­
ficients in this chapter section are significant at the 5% level 
and the results shown in Figures 18 and 19 are even significant at 
the 0.1% level.
The direction of trans-Gulf migrations appears to be correlated 
with the orientation of surface isobars over the Gulf of Mexico. 
During this study whenever the winds over the central and western
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Gulf blew strongly from the southeast at 2,000 to 3,000 feet, the 
trans-Gulf flights approached the Louisiana coastline from a 
southeasterly direction. Such flights often contained migrants 
that had probably missed the Florida peninsula and were drifted 
to the Louisiana coast (Black-whiskered Vireo, Vireo altiloquus; 
Black-throated Blue Warbler, Dendroica caerulescens; and Cape May 
Warbler, Dendroica tigrina). The earliest date for the Black- 
whiskered Vireo in Louisiana is 18 Iferch, and this date is nine 
' days earlier than the earliest Florida record. The easterly and 
southeasterly circulation over the Gulf during most of March and 
parts of April and May is undoubtedly responsible for the westward 
drift of Antillean migrants heading for Florida.
I have no evidence that migrants arriving after dark from 
over the Gulf compensate for drift or change direction without 
landing; in fact, the data I have collected suggest just the 
opposite. Delayed trans-Gulf migrations were directed to the 
northwest on 10 of the 18 occasions when flights continued to arrive 
on the Louisiana coast after dark. The direction of these migrations 
remained unchanged even after the migrants had flown 50 nautical 
miles inland. The isobars over the Gulf and northern Gulf coast 
were oriented southeast-northwest on these occasions, and the 
migrants were flying in a direction nearly identical to the 
orientation of the isobars. At the same time that the movements 
to the northwest were taking place, other migrants, presumably 
those that had also arrived from the southeast and had landed
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earlier in the^ay initiated their nocturnal migration. Their 
movements were directed to the northeast. These observations 
indicate that migrants may have to land before they can correct 
for a displacement, and the data also suggest that passerine 
migrants continue to drift over land at night.
Considerably rarer are the times when the wind circulation 
over most of the Gulf is from southwest to northeast. Such 
instances arise only when strong cold fronts penetrate the 
northwestern Gulf and prefrontal winds blow strongly northeastward. 
At 0930 CST on 7 May 1967, a trans-Gulf flight was recorded on 
New Orleans radar 60 nautical miles south of the coast. Two hours 
later the flight had not moved closer to the coastline, and a 
check of the direction of the movement was made. The flight was 
found to be moving toward the east-northeast with the assistance 
of a 30 to 35 knot tail wind. Only the extreme northern edge 
of the flight crossed the southeastern Louisiana coast that day, 
and most of the flight was apparently shifted to the eastern Gulf.
Flight Direction
The direction of migration in southern Louisiana was strik­
ingly constant during the three years of this study. In the 
daylight hours most of the trans-Gulf migrants flying above 
2,500 feet moved toward the north-northeast while the migrants 
at lower altitudes tended to fly in a north to northwesterly 
direction. At night the migrations from the coastal areas
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consisted of two directional components. The majority of the 
nocturnal migrants moved toward the northeast while a smaller 
percentage moved to the northwest. At night the northeastern 
element of the migration was generally directed more to the east 
than in daylight. This difference would suggest that the nocturnal 
migrations from the coast are, in part, re-oriented movements 
that correct for westward drift over the Gulf. The magnitude of 
the northeast nocturnal migration was greatest after a day when 
migrants approached the Louisiana coast from a southeasterly 
direction. As in the daytime, the northwest component of the 
migration at,night was lower in altitude than the northeast 
component.
Figures 23 to 27 illustrate the radar flight directions of 
migrants in southern Louisiana. Figures 23 to 26 are subdivided 
into time categories to show the directions of the migrants at 
1000 CST, 1400 CST, 2000 CST, and 2400 CST. Figure 27 is 
divided only into a daytime and a nighttime category. At 
no time during the three years of this study did I record a case 
of random orientation. Even on occasions when the migrants were 
flying above, below, or between overcast layers, their flight 
directions did not seem to be affected. The data on flight direc­
tions collected during telescopic observations during the day 
and at night appear in Figures 28 and 29. When one compares 
these data with those presented in Figures 23 to 27, a discrepancy 
is noticeable. Whereas the radar showed the majority of the
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Figure 23. Summary of flight directions on radar during 
the spring of 1965 at Lake Charles, La. (A) 1000 CST,
28 observations; (B) 1400 CST, 69 observations; (C)
2000 CST, 65 observations; (D) 2400 CST, 62 observations.
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Figure 24. Summary of flight directions on radar 
during the spring of 1966 at Lake Charles, La. (A) 
1000 CST, 7 observations; (B) 1400 CST, 17 observa­
tions; (C) 2000 CST, 10 observations; (D) 2400 CST 
26 observations.
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Figure 25. Summary of flight directions on radar during 
the spring of 1966 at New Orleans, La. (A) 1000 CST, 3 
observations; (B) 1400 CST, 18 observations; (C) 2000 CST, 
11 observations; (D) 2400 CST, 1 observation.
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
1 23
N
h20%
h-40
k 60
r-80 2X
2X
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
1 2 4
Figure 26. Summary of flight directions on radar, during 
the spring of 1967 at New Orleans, Louisiana. (a ) 1000 
CST, 79 observations; (B) 1400 CST, 94 observations; (C) 
2000 CST, 193 observations; (D) 2400 CST, 40 observations.
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Figure 27. Summary of flight directions on radar during 
the spring of 1967 at Lake Charles, Louisiana, (a ) daytime, 
27 observations; (B) nighttime, 17 observations.
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Figure 28. Summary of flight directions as seen through 
the telescope at Lake Charles, Louisiana during the spring 
of 1965. (A) daytime vertical scope, 830 birds; (B) day­
time vertical scope, 142 units (single birds and flocks);
(C) nocturnal moon-watch, total traffic rate equals 21,557.
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Figure 29. Summary of flight directions as seen through 
the telescope at New Orleans, Louisiana during the spring 
of 1967. (A) daytime vertical scope, 666 birds; (B) day­
time vertical scope, 185 units (single birds and flocks);
(C) nocturnal moon-watch, total traffic rate equals 46,501;
(D) nocturnal ceilometer and telescope, 354 birds.
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daytime migrants to be moving toward 20°-30°, the daytime telescopic 
data showed a majority of birds moving north. The discrepancy 
is easily explained. The radar revealed not only birds moving 
north and northwest at low altitudes (1,500 - 2,000 feet) but 
also birds moving north-northeast at higher altitudes. With the 
telescope I recorded the lower migrants best and apparently 
failed to see many of the migrants flying at higher altitudes. 
Similar discrepancies exists among the nocturnal radar data, the 
moon-watch data, and the ceilometer data. The low-level north­
westward component of nocturnal migration in southern Louisiana 
is usually clearly visible on radar time exposures and is very 
obvious through the ceilometer. The moon-watch data, however, 
fail to show a significant northwest component in the migration. 
Since the moon-watching observation cone is extremely narrow at 
low altitudes, the sampling of nocturnal migrants below 1,500 
feet is usually difficult and erratic. The ceilometer method 
samples low-flying migrants well, but usually cannot detect 
passerine migrants flying above 2,000 feet. Despite the discrep­
ancies, the combined methods that I have used to study spring 
migration give a convincing composite picture of the direction 
of migration in this region.
Altitude of Migration
If migrants tend to fly at altitudes where the wind is most 
favorable for them, and if the most favorable winds are not the 
same for different populations, the altltudinal distribution of
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migrants must, to a large extent, depend on wind patterns. The 
winds aloft data for the Gulf region have already been given 
(Figure 15; Tables 6, 7, 8). The winds at low altitudes usually 
blow from the southeast and south; with an increase in altitude, 
the winds shift gradually from the south to the west. Much the 
same can be said for the flight directions of the migrants. I have 
plotted the directions of migrants at different altitudes on the 
basis of radar data taken at Lake Charles and New Orleans. The 
data collected at Lake Charles are included in Figure 30. Both 
daytime and nocturnal data are plotted for three different 
altitudinal strata (1,500-3,000 feet; 3,000-5,000 feet; and above 
5,000 feet). Figure 31 shows the plots for the spring migration 
of 1967 over New Orleans. In this figure only two altitudinal 
strata are considered (1,500-4,000 feet; 4,000-7,000 feet). As 
can be seen from the figures, there is a shift in flight direction 
as the altitude increases; this shift is associated with a similar 
shift in wind direction.
During the study the altitude of bird migration was measured 
by two methods. Photographs of the range-height indicator were 
taken throughout the study, but because the RHI is a scope of low 
resolution, it presents only rough indications of the altitude of 
bird flights. Manual operation of the RHI gave more exact inform­
ation, but the resolution was still poor and permitted only gross 
estimates of the altitude of migration. Since the WSR-57 has a 
pencil beam of 2°, the photographs of the PPI showed the altitudinal 
distribution of birds in greater detail. By manually raising and
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Figure 30. Summary of radar track directions at Lake 
Charles, Louisiana for three different altitudinal strata.
A. 1,500 to 3,000 feet, daytime, 42 observations.
B. 1,500 to 3,000 feet, nighttime, 56 observations.
C. 3,000 to 5,000 feet, daytime, 36 observations.
D. 3,000 to 5,000 feet, nighttime, 46 observations.
E. above 5,000 feet, daytime, 30 observations.
F. above 5,000 feet, nighttime, 31 observations.
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Figure 31. Summary of radar crack directions at New 
Orleans, Louisiana for two different altitudinal strata.
A. 1,500 to 4,000 feet, daytime, 164 observations.
B. 1,500 to 4,000 feet, nighttime, 188 observations.
C. 4,000 to 7,000 feet, daytime, 143 observations.
D. 4,000 to 7,000 feet, nighttime, 64 observations.
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lowering the antenna, I was able to obtain from the PPI very accurate 
information on the vertical distribution of migrants in the sky. 
Although most readings were taken with the PPI and RHI on 25 nautical 
mile scan, the altitudinal determinations for migration over water 
were made on 50 and 100 nautical mile range.
Figure 32a-c shows frequency distributions of the altitudes at 
which peak densities of daytime migrants were recorded at the latitude 
of the Lake Charles and New Orleans stations. Figure 32a gives the 
combined frequencies for both stations while Figures 32b and c give 
the separate frequencies for each station. Figure 32d shows the 
average altitudinal distribution when the altitude of peak densities 
occurred from 3,000 to 6,000 feet, as they did on 70 of the 92 
occasions when daytime altitudinal measurements were made. The mean 
altitude of the greatest concentrations of daytime migrants during 
the study was 4,800 feet.
The altitudes of the daytime movements were often slightly 
higher over land than over water, and flights were frequently 
higher over New Orleans than over Lake Charles. The reason f 
these differences is probably that the migrants rather consistently 
flew above the convective cumulus clouds that formed near the 
coastline. As the cumulus formations moved inland under the 
influence of southerly winds, they usually piled higher, and as 
the clouds developed the migrants increased their altitude. The 
cumulus clouds over New Orleans were usually better developed than
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Figure 32. Altitudinal distribution of daytime migrants. 
(A) frequency diagram of the altitudes at which peak 
densities of migrants were recorded by radar from 1965 
to 1967 at Lake Charles and New Orleans, Louisiana, 92 
measurements; (B) frequency diagram for New Orleans from 
1965 to 1967, 57 measurements; (C) frequency diagram for 
Lake Charles from 1965 to 1967, 35 measurements; (D) 
average altitudinal distribution of daytime migrants when 
altitude of peak density was between 3,000 and 6,000 feet.
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those over Lake Charles since the former city is farther inland than 
the latter, and the cloud formations have more time to build up, 
inducing the birds to fly higher. But whenever the cumulus developed 
beyond a height of 7,000 to 8,000 feet, the migrants usually lowered 
their altitude.
The altitude of the daytime flights was frequently the same 
as the altitude of inversion layers aloft, but the association 
between the altitude of migration and the altitude of inversions 
was probably due to the fact that cumulus development above the 
altitude of an inversion is rare. The air above an inversion 
layer is quite stable and the air flows smoothly. Raynor (1956) 
has suggested that migrants prefer to fly in the stable air that 
is found above inversion layers.
The altitude of migration in southern Louisiana is noticeably 
lower at night than in daytime. Figure 33a-e illustrates the alti­
tudinal distribution of nocturnal migrants over Lake Charles and 
New Orleans. Figure 33a gives the frequency of the altitudes at 
which peak densities of nocturnal migrants were recorded by i-adar 
on 61 occasions from 1965 to 1967 at both stations. Except for 
three occasions, the greatest densities of nocturnal migrants were 
recorded between 1,800 and 2,800 feet, and the average altitude at 
which peak concentrations occurred was 2,500 feet. Figures 33b-e 
illustrate the altitudinal distribution of nocturnal migrants 
under various weather conditions.
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Figure 33. Altitudinal distribution of nocturnal migrants.
(A) frequency diagram of the altitudes at which peak densities 
of migrants were recorded by radar from 1965 to 1967 at Lake 
Charles and New Orleans, Louisiana. 61 measurements. (B)
13 April 1965 at 2200 CST, Lake Charles, four tenths cloud 
cover with unlimited ceiling; (C) 27 April 1967 at 2055 CST, 
New Orleans, seven tenths cloud cover with unknown ceiling;
(D) 2 May 1967 at 1957 CST, New Orleans, two tenths cloud 
cover with unlimited ceiling; (E) 4 May 1967 at 2308 CST, 
solid overcast at 1,400 feet.
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Under solid overcast the directions of the nocturnal migrations 
were essentially the same as the directions when the sky was partly 
cloudy or clear. On seven occasions during the study nocturnal 
migrations were initiated in southern Louisiana under complete 
overcast. On four occasions all the migrants remained below the 
overcast, and on three occasions some birds flew above and in the 
overcast layers. The directions of these movements were normal, 
without signs of disorientation. On 4 Why 1967 at New Orleans at 
2100 CST overcast was solid at 1,400 feet. On this occasion the 
radar showed that most of the migrants were above the overcast 
layer;and,even though I could hear considerable numbers of call 
r notes overhead, I recorded no birds passing through the ceilometer 
beam (Figure 33e).
Reverse Migration and Migration over Cold Fronts
As I have pointed out in a previous chapter, the grounded 
migrants initiate nocturnal migrations under varying weather 
conditions. When the migrants depart under the influence of 
adverse winds, the direction of the migration is sometimes 
reversed. On 15 April 1965 at Lake Charles and 2 May 1967 at 
New Orleans, migrants were flying in what was certainly the 
wrong direction. At Lake Charles all the migrants were moving 
toward 150°, and at New Orleans (Figure 33d) migrants flying at 
low altitudes were moving toward 180°. These two instances are 
outstanding in that at no other time during the entire study were 
birds observed to be going in an unusual direction, arid on both
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of these occasions the sky was clear.
I have found that migrants may infrequently fly over shallow 
cold fronts and continue their migration in a warm air mass that 
is flowing in a favorable direction. On 18 March 1965 at Lake 
Charles and on 2 May and 4 May 1967 at New Orleans, the radar 
showed that most nocturnal migrants were flying much higher than 
usual. When the altitudes of the migrants were compared with 
the rawinsonde data, the migrants were found to be flying with 
a favorable wind in warmer air above the cold fronts.
Perhaps migration over cold fronts is responsible, in part, 
for the failure of concentrations of grounded migrants to build 
up on the coast during spring when shallow cold fronts penetrate 
the northern Gulf. On the night of 2 May 1967, some migrants were 
migrating in the wrong direction at low altitudes under the 
influence of a cold front while other migrants were going in the 
correct direction above the cold front (Figure 33d). I believe 
that this instance vividly demonstrates that wind direction and 
temperature can have a great influence on the direction of migration 
even under a clear, starry sky.
My findings support the conclusions of Lack (1958 and 1962) 
and Lack and Eastwood (1962) regarding the wind drift of migrants 
flying over the sea. Trans-Gulf migrants are definitely displaced 
during their overwater journey, but I cannot say whether the drift
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is down-wind drift, where the migrants follow the wind, or lateral 
drift where the migrants maintain fixed headings and their tracks are 
the vector resultants of the wind velocity and their air speeds.
Migrants over the Gulf could possibly correct for some drift, but in 
strong winds this behavior is energetically costly and might well be 
hazardous, for once their energy reserves are exhausted, passerine 
migrants over water cannot 'land. Since the Gulf is essentially a 
lafidlocked sea, drift under such circumstances would probably be of 
great selective value in an evolutionary sense.
During the daylight hours passerines flying over land at 
different altitudes occasionally maintained the same track 
direction even though the winds aloft where they were flying were 
blowing from different directions. When drifted migrants approached 
the Louisiana coastline from the southeast during daylight, they 
often continued inland to the northwest and on such occasions echoes 
moving northeastward were rare. At night the migrants from coastal 
Louisiana generally departed toward the northeast, but when delayed 
trans-Gulf migrations arrived after dark from the southeast, the 
migrants that continued inland did not change direction but continued 
northwestward. These observations suggest that drifted migrants may 
need to land before they can re-orient.
The vertical wind structure over southern Louisiana is frequently 
such that migrants may travel in different directions at different 
altitudes and still have tail winds to assist them. Those
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migrants that move to the northwest migrate at lower altitudes with 
the assistance of tail winds, and those migrants that move to the 
northeast migrate at higher altitudes also with the assistance of 
tailwinds. Ability to select favorable winds and the weather 
conditions that accompany such winds would undoubtedly reduce the
chances of drift. When the wind changes during flight the migrants
V'
apparently correct for drift over land, but many migrants probably 
land in such instances.
My data do not support the hypothesis of Bellrose (1967a) 
that migrating birds tend to reduce their flight speed roughly in 
proportion to the increase in wind speed and that the migrants 
maintain a fairly constant ground speed even when the wind speeds 
vary greatly. The fact that the arrival times of the trans-Gulf 
flights vary with different wind speeds contradicts Bellrose's . 
findings. If Bellrose's hypothesis were correct, the arrival 
times of the trans-Gulf flights would not vary,yet they do so 
strikingly. For a 10-knot increase in wind speed the migrants gain 
7.7 knots in ground speed according to Figure 17.
Graber (1968) has theorized on the basis of his radar data, 
flight-call records, and television tower-kill information that 
nocturnal migrants lower their altitude after midnight and that 
the entire vertical distribution of migrants in the night sky is 
compressed into an altitudinal zone below 1,500 feet. Graber's 
conclusions were probably influenced, in part, by the fact thatt
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
14 8
he could not find direct evidence that migrants land at night.
Although the nocturnal migrations from coastal Louisiana are 
beyond radar surveillance by midnight, the sustained migrations 
from Texas detected by Lake Charles radar continue after midnight 
until near dawn. My data do not show that the altitude of this 
movement is substantially lowered after midnight even though the 
density of the flight usually decreases steadily after 0000 CST.
I believe that the migrants are landing during the latter half of 
the night. I have collected radar data that show most of the migrants 
landing near the coastline on some occasions when trans-Gulf 
migrations were delayed until after dark.
Bellrose and Sieh (1960) have observed flocks of migrating 
ducks gradually descending from 2,000 to 500 feet as darkness 
approached. Bellrose (1967b) has suggested that the lowering of 
the altitude of migration between daylight and darkness is probably 
a response by which the migrants remain in visual contact with the 
ground. The migrants that are in the air near the time of darkness 
in southern Louisiana also lower their altitude. Whereas the 
migrants arriving from over the Gulf that pass the radar stations 
during the daytime fly at altitudes of 3,000 to 6,000 feet, those 
migrants that are still airborne at the time of darkness lower 
their altitude nearly 3,000 feet and fly at altitudes of 1,800 
to 2,800 feet.
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Occasionally the direction of migration is reversed when 
adverse winds are blowing at the time nocturnal migration begins.
This phenomenon is quite rare on the northern Gulf coast in spring, 
but reverse migrations are apparently more frequent in New England 
(Drury, et al., 1961; Drury and Keith, 1962; Nisbet and Drury, 1967). 
The two reverse migrations that I recorded in southern Louisiana 
during the spring occurred under clear skies with winds respectively 
from the northwest and from the northeast. The survival value of 
such reversed migrations in the spring has been well stated--to 
avoid unseasonably cold temperatures and to avoid reduced insect 
supplies. The survival value of such flights on the northern Gulf 
coast in spring is not apparent, for, indeed, such flights could be 
very detrimental. The fact that reverse flights can occur under 
clear skies casts some doubt on the role of stellar cues in 
determining the seasonal direction of migration.
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SUMMARY AND CONCLUSIONS
In coastal Louisiana during the spring migrations of 1965,
1966, and 1967, trans-Gulf migrations were detected by telescope 
and WSR-57 radar as they moved inland. The radar displays of 
migration were quantified with the aid of moon-watch and daytime 
telescopic information. From 8 April to 15 May, trans-Gulf migrations 
arrived almost daily on the Louisiana coast in association with the 
regular invasions of maritime tropical air into the eastern half 
of North America. The total number of birds per mile of front for 
an entire trans-Gulf flight entering southern Louisiana in early 
April was on the order of 20,000 to 25,000 and increased to as 
high as 80,000 near the end of April.
Usually, the density of the migration from over the Gulf 
increased rapidly in the morning, peaked in the early afternoon, 
and gradually decreased in the late afternoon. This timetable was 
altered when rain and unfavorable winds were over the Gulf. Some 
trans-Gulf migrants regularly landed in the isolated coastal 
woodlands, but the radars showed that the majority flew 50 to 75 
miles inland to the first extensive forests. Only rarely did the 
flights continue inland for 100 to 150 miles. On a few occasions 
delayed migrants landed In coastal woodlands at night.
150
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The nocturnal temporal pattern of migration in southern Louisiana 
was normally of short duration near the coast and of long duration 
north of Lake Charles where the nocturnal migration from the areas 
along the Texas coast continued in decreasing volume through most 
of the night. Most passerine migrants were flocked during the 
daytime, but at nightfall the flocks disbanded. All passerine 
migrants flew individually in the sky during the first part of the 
night, but during the latter half of the night, most migrants 
appeared to form loose aggregations.
Except for hard rain, no single immediate weather condition 
nor combination of immediate weather conditions consistently 
inhibited the initiation of a nocturnal migration from coastal 
Louisiana. The passerine migrants usually began their nocturnal 
migrations from the coastal areas 30 to 45 minuted after sunset 
and the departure was essentially finished an hour later.
The direction of migration over land in coastal Louisiana 
was found to be strikingly constant and correlated with the 
direction of the prevailing winds aloft. Except for a small northwest 
component at low altitudes, the daytime and nocturnal migrations 
were largely directed to the northeast. When strong, unfavorable 
winds were over the Gulf, the migrants were drifted off course.
Except for a few isolated instances during the daytime when some 
migrants were flying to the northeast, most migrants continued to 
drift after crossing the Louisiana coast. After landing, migrants
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that had been drifted re-oriented their nocturnal migrations, 
apparently to correct for displacement. Landing is probably 
necessary for the migrants to assess their displacement and 
correct for it. The instances of drift were few because the 
migrants most frequently flew with favorable winds.
The altitudinal distribution of migrants changes significantly 
between daylight and darkness, and migration during the daytime 
is higher over land than over water. During the daytime most 
migrants were recorded by radar between 3,000 and 6,000 feet. The 
daytime migrants regularly flew above the convective cumulus clouds 
over land as long as the clouds remained below 8,000 feet.
Most nocturnal migrations occurred between 1,300 and 4,000 feet, 
and the mean altitude of the greatest concentrations of nocturnal 
migrants was 2,500 feet. Nocturnal movements were recorded under 
solid overcast and the directions of these movements were nearly 
the same as those under clear skies. The only reverse migrations 
occurred on two occasions, when northerly winds were blowing, and 
these flights took place under clear skies.
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